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ABSTRACT 

We use mid-infrared (MIR) spectroscopy from the Spitzer Infrared Spectrograph (IRS) to study the 
nature of star-formation and supermassive black hole accretion for a sample of 65 IR-luminous galaxies 
at 0.02 < z < 0.6 with F{2Afim) > 1.2 mJy. The MIR spectra cover wavelengths 5-38/Ltm, spanning 
the polycyclic aromatic hydrocarbon (PAH) features and important atomic diagnostic lines. Our 
sample of galaxies corresponds to a range of total IR luminosity, Ljr — L(8-1000/xm) = 10^"-10"'^^io 
(median Lir of S.OxIO^^Lq). We divide our sample into a subsamplc of galaxies with Spitzer IRAC 
3.6-8.0 /Ltm colors indicative of warm dust heated by an AGN (IRAGN) and those galaxies whose 
colors indicate star- formation processes (non-IRAGN). Compared to the non-IRAGN, the IRAGN 
show smaller PAH emission equivalent widths, which we attribute to an increase in mid-IR continuum 
from the AGN. We find that in both the IRAGN and star-forming samples, the luminosity in the 
PAH features correlates strongly with [Nc II] A12.8/im emission line, from which we conclude that the 
PAH luminosity directly traces the instantaneous star-formation rate (SFR) in both the IRAGN and 
star-forming galaxies. We compare the ratio of PAH luminosity to the total IR luminosity, and we 
show that for most IRAGN star-formation accounts for 10-50% of the total IR luminosity. We also 
find no measurable difference between the PAH luminosity ratios of L11.3/L7.7 and L6.2/L7.7 for the 
IRAGN and non-IRAGN, suggesting that AGN do not significantly excite or destroy PAH molecules 
on galaxy-wide scales. Interestingly, a small subset of galaxies (8 of 65 galaxies) show a strong excess 
of [O IV] A25.9/xm emission compared to their PAH emission, which indicates the presence of heavily- 
obscured AGN, including 3 galaxies that are not otherwise selected as IRAGN. The low PAH emission 
and low [Ne II] emission of the IRAGN and [O IV]-excess objects imply the IR luminosity of these 
objects is dominated by processes associated with the AGN. Because these galaxies lie in the "green 
valley" of the optical color-magnitude relation and have low implied SFRs, we argue their hosts have 
declining SFRs and these objects will transition to the red sequence unless some process restarts their 
star-formation. 
Subject headings: galaxies: active — infrared: galaxies 



1. INTRODUCTION 

The mid-IR (3-19//m) spectrum of star-forming galax- 
ies is dominated by strong emission features often asso- 
ciated with polycyclic aromatic hydrocarbons (PAHs). 
PAH molecules are made up of tens to hundreds of car- 
bon atoms in planar lattices that typically are several 
A in diameter (jLeger fc Pugetl[T984l : lAllamandola et ahl 
119850 . Specifically, each PAH band is identified with 
specific carbon-carbon (C-C) and carbon-hydrog en (C- 
H) b ending and stretching modes ( Allamandol a et al.l 
Il989( ). Their vibrational modes are excited by efficient 
absorption of UV and optical photons whose energy is 
re-emitted in the IR. In many galaxies, the emission of 
young stars and active galactic nuclei (AGN) is almost 
entirely absorbed by dust and re-emitted in the IR; PAHs 
must then be used for detailed diagnostics of the lumi- 
nosity sources. 
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The luminosity in the mid-IR PAH emission bands 
is very strong for galaxies with ongoing star-formation. 
The total PAH emission can contribute as much as 20% 
of the total IR luminosity and the 7.7fim. PAH band may 
contr ibute as much as 50% of the total PAH emission 
(e.g.. iSmith et al.l [20071) . Certain PAH bands are made 
up of several dust emission features (e.g., 7.7/im, 8.6//m, 
11.3/^m, 12.7//m, and 17.0/im PAH bands) and so we will 
use the general term "feature" to describe the PAH emis- 
sion bands. 

From laboratory experiments, models of stochastic 
heating of dust grains predict that the relative strengths 
of PAH features are dependent on the size distribu- 
tion of PA H grains and the ionization state of the PAH 
molecules (jSchutte et al.l [19931 iDraine fc Lil[200l . Al- 
though the detailed physics is not well understood, ex- 
isting models do explain the general trends observed for 
the various PAH features. 

Previous Spitzer studies (iDiamond-Stanic fc Riekg 
[20T0t[O^Do"wd et al.ll2009t ISmith et al.ll2007D have found 
trends between the ratios of the various PAH features 
and galaxy properties, such as AGN activity and star 
formation history. A tendency for active galaxies to 
have lower ratios of the 6-8/xm PAH features relative 
to the 11.3/^m PAH feature has been reported both by 



lO'Dowd et all ([20091) and ISmith et all (l2007l) . Smith 
et al. argued that AGN are able to modify the PAH 
grain size distribution or are able to excite the emis- 
sion of larger PAH molecules. O'Dowd et al. interpreted 
their results as being consistent with the destruction of 
smaller PAH grains by shocks or X-rays associated with 
the AGN, but were unable to determine a difference be- 
tween A GN-dominated and AGN- s tarfor ming composite 
sources. [Diamond- Stanic &: Riekd (|2010f ) chose a sample 
of local Seyfert galaxies to explore the effects of AGN 
on PAH emission. They found similar results to the pre- 
vious studies when observing the AGN-dominated nu- 
clear regions of galaxies, and determined AGNs do not 
excite PAH emission. In contrast, off- nuclear (presum- 
ably) star-forming regions in the galaxy disks had 7.7- 
to-11.3/im PAH ratios similar to those of star- forming 
galaxies in studies from the literature. 

Here, we extend studies of IR luminous galaxies with 
mid-IR spectroscopy to higher redshifts and higher lu- 
minosities. Specifically, we focus on galaxies that have 
high IR luminosities (> lO^^Lo) and moderate redshifts 
(z <; 0.6). This allows us to study the nature of the IR 
emission in galaxies at the same redshift range and IR 
luminosity range that domin ate the IR luminosity den- 
sity at high redshifts {z ~ 1 iLe Floc'h et"al|[2005[ ). By 
observing the mid-IR spectral features of these galax- 
ies we can therefore study the ionization state of the IR 
emission, and study how both star-formation and AGN 
contribute to the IR luminosity in these objects. 

An additional goal of our study is to understand 
if there is a correlation (causal or otherwise) between 
the IR-active stages involving star-formation and/or 
AGN and other galaxy properties, such as their opti- 
cal color. At a basic level the optical color depends on 
the galaxies' star-formation histories (galaxies with re- 
cent star-formation have bluer optical colors, and pas- 
sive galaxies lacking any recent star-f ormation form a 
well documented " red sequence" e^ .. iBell et al.l 1200^ 
iBlanton et al.ll2003HFaber et al.ll20071 ). Studies of the op- 
tical colors of galaxies with high IR-luminosity (as mea- 
sured by their MIPS 24/xm emission) show they span a 
wide range of optical color from the blue star-forming 
galaxies, through the "gr een valley", and up to the blue 
edge of the red sequence (|Bell et al.ll2005l : iMendez et al.l 
|2013() . This hi ghlights a dependen cy of galaxy colors 
on IR activity. IWvder et al.l (|2007| ) show that the se- 
quence of star-forming galaxies becomes redder with in- 
creasing optical luminosity, which is presumably a re- 
sult of increased dust obscuration. This implies that 
stages of increased dust obscuration in luminous galaxies 
may be a precursor to the cessation of star-formation in 
galaxies as they migrate th rough the "green valley" to 
the quiescent red sequence (jFaber et al.ll2007l ). and this 
may be related to quenching by the presence of an AGN 



(iBundv et al.ll2008HNandra et al.|[2007l:lSchawinski et al.l 
120071 I2O1O0 . Because IR-luminous galaxies have opti- 
cal colors that span from the star-forming sequence to 
the red-sequence, there may be a relationship between 
their excitation mechanism (star-forma tion versus black 
hole accretion) and their optical colo r (jBell et al.l 120051 : 
IChen et al.llMotlNandra et al.ll2007l) . 

To date samples of IR-luminous with mid-IR spec- 
troscopy have been heterogeneous or incomplete in their 
coverage of galaxies over the full range of optical color. 



For our study, we allow for changes in the mid-IR spec- 
tral features as a function of optical color in galaxies by 
using a sample of IR-luminous galaxies that is selected to 
have a uniform distribution in rest-frame (w — r)o.J_| color. 
In sections [2] and |3l we describe our sample selection 
and ancillary data. In section |4l we describe our Spitzer 
IRS observations, data reduction, and analysis of the IRS 
spectra. In section |5l we describe our measurements of 
the total IR luminosity and discuss correlations between 
the PAH emission and emission from other atomic lines. 
In section ini we discuss the color- magnitude relation for 
IRAGN, AGN effects of PAH emission, and the signifi- 
cance of [O IV] emission. In section [71 we present our 
conclusions. The ACDM cosmology we assume is Hq — 
71 km s"i Mpc-\ rim = 0.27, and Qx = 0.73 throughout 
this work. 

2. SAMPLE DEFINITION AND SELECTION 

Our main goal is to compare the mid-IR spectral prop- 
erties of AGN and star-forming (SF) galaxies in luminous 
IR galaxies (LIRGs) out to moderate redshifts {z ^ 0.6). 
To accomplish this goal, we must be sensitive to the fact 
that both AGN and IR-luminous star-forming galaxies 
are known to span a broad range in optical color (see 
section [T|). As discussed above, the energetics of both 
obscured AGN and star-forming galaxies may affect both 
the mid-IR spectral properties and the optical color. To 
avoid any bias related to these effects, we therefore built 
a sample of IR-luminous galaxies for spectroscopy that 
span an approximately uniform distribution of {u — r)o.i 
optical color that spans the full range from the blue, star- 
forming sequence to the red, quiescent sequence. 

We built our primary sample for IRS spectroscopy 
using the AGN and Galaxy Evolution Survey (AGES, 
iKochanek et al.l[2012| ). This survey provides deep (/ < 
20 mag) spectroscopy covering the ^10 deg^ Bootes field, 
which includes deep optical imaging fr om the NOAO 
Wide Deep-Field Survey (NWDFS) (|Jannuzi fc Devi 
Il999( ). The field was also covered with Spitzer /IRAC 
imagin g at 3.6-8.0 /im as discussed in lAshbv et al.l 
(|2009D . and with MIPS imaging at 2 4-160 ^m first 
with shallow coverage by iHouck et al.l (|2005f ) and sub- 
sequently with much deeper coverage as part of MIPS 
AGES (MAGES) survey (PI: B. Januzzi). The spec- 
troscopy, optical, and mid-IR imaging allows us to select 
IR-luminous galaxies out to moderate redshift and over 
the full range of {u — r)o.i optical color. 

As our parent sample, we selected 498 galaxies from the 
AGES data with spectroscopic redshifts 0.2 < z < 0.6, 
and /i/(24/im) > 1.2 mJy. We then searched the Spitzer 
archive for programs that had previously targeted galax- 
ies in our parent sample with IRS spectroscopy. Two 
programs satisfied our needs and included Spitzer /IRS 
data for a total of 17 galaxies from PID 20113 (PI: H. 
Dole) and 38 galaxies from PID 20128 (PI: G. Lagache); 
to our knowledge the data from these programs have not 
been published previously. 

We supplemented the archival IRS spectroscopy with 
new IRS observations of additional galaxies taken as part 

^ Note that throughout, {u — r)o.i and A/(r)o.i arc the rest- 
frame color and absolute magnitude observ ed at z=0.1 (as use d 
extensively in the SDSS literature, see, e.g.. IBlanton et al.ll2003 [). 
Furthermore, th roughout, M(r)o.i a nd {u — r)o.i are measured in 
AB magnitudes llOke fc Gunn|[l9§g ). 
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Figure 1. Color-Magnitude Diagram using optical data from the 
AGES catalog for our sample. The grey-shading indicates the den- 
sity of all galaxies from AGES in that region of color-magnitude 
space and 0.02 < z < 0.6, where the grey-shading increases as 
the density increases linearly. The cyan points show those AGES 
sources with 0.02 < z < 0.6 and /(24/im) > 1.2 mjy, the IRS 
spectroscopic limit for our sample. The galaxies selected in our 
sample are indicated by white squares, white circles, and yellow 
diamonds for Dole (program 20113), Lagache (program 20128, non- 
FLS sources), and Rieke (program 40251), respectively. Further- 
more, we selected IR-luminous galaxies for our sample such that 
they span the full range of {u — r)o.i optical color with an equal 
number (12-13) galaxies in each of four bins, denoted by the red- 
dashed lines and defined in section [2] 

of the MIPS guaranteed time observations (GTO) 40251 
(PI: G. Ricke) to ensure tliat our full IRS sample includes 
galaxies with an approximately uniform distribution in 
{u — r)o.i color. To identify the sample for GTO obser- 
vations, we derived bins in {u — r)o.i optical color that 
run roughly parallel to the red sequence, which has some 
slope in the color-magnitude plane: 

{u - r)o.i + 3/50 X (A/[r]o.i + 20) > 2.39 
2.39 >{u- r)o.i + 3/50 x (A/[r]o.i + 20) > 2.18 
2.18 >{u- r)o.i + 3/50 x {M\r]o.i + 20) > 1.73 

{u - r)o.i + 3/50 X (M[r]o.i + 20) < 1.73, 

We require at least 12 galaxies in each of these color bins. 
As shown in figure [U this required new IRS observations 
of 14 additional galaxies from our GTO allocation in PID 
40251. 

The combined archival IRS data (7-1-19 galaxies) and 
new IRS data (14 galaxies) yield a sample of 40 galax- 
ies that form our primary IRS sample. In addition, the 
archival programs used here include 29 additional galax- 
ies, either at lower redshift (0.02 < z < 0.2; 12 galaxies) 
or from the Spitzer First Look Survey (FLS; 17 galaxies), 
or both. These galaxies appear to all be selected using 
a 24 /xm flux limit {f,y{24fim) > 1.2 mJy). We included 
these galaxies as a secondary sample here because our 
sample is increased by ~70% and it enables us to ex- 
tend our observations to both lower-luminosity objects 
(in the case of the objects at 0.02 < z < 0.2) and adds 
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Figure 2. Distribution of the rcdshifts and 24/im flux densities of 
the 65 galaxies in our IRS sample. The galaxies arc indicated 
by white squares, white circles, and yellow diamonds for Dole 
(program 20113), Lagache (program 20128), and Rieke (program 
40251 ), respectively. The orange circles are from RTPowd et al.l 
II2009I ) sample as a comparison to our sample. The red dashed 
line indicates /^(24/im) = 1.2mjy. The redshift mean and me- 
dian of the distribution are 0.30 and 0.28, respectively. The red- 
shift distribution is fairly uniform from 0.2 < z < 0.6, with an 
interquartile range (which contains the inner 50% of galaxies) of 

-2intcrquartilo = 0.18 — 0.42. 

higher luminosity objects from the FLS (even though 
these have no {u — ?')o.i color information). As discussed 
in section 14.21 we ultimately exclude four observations 
(two from AGES and two from the FLS) that showed 
contamination from a serendipitous source in the IRS 
slit. Therefore, our full sample of primary and secondary 
sources includes 65 galaxies with f^{24:fim) > 1.2 mJy 
and 0.02 <z < 0.6. 

In summary, we have three samples defined in this pa- 
per. 

• FuU Sample. AU 956 galaxies with /y(24/im) > 
1.2 mJy and redshift of 0.02 < z < 0.6 in AGES. 

• Parent Sample. All 498 galaxies with /y(24/Ltm) > 
1.2 mJy and redshift 0.2 < z < 0.6, from which 
targets for new IRS observations were selected. 

• IRS Sample. The 65 galaxies with f^{24:fj,m) > 
1.2 mJy that have IRS spectroscopy either from 
archival data (51 galaxies) or our new GTO obser- 
vations (14 galaxies). 

Figure [1] shows the (u — r)o.i-M(r-)o.i color-magnitude 
diagram for all the galaxies in AGES in the redshift 
range of our full sample, and indicates the galaxies in 
the redshift range with (/,y(24/xm) > 1.2 mJy (956 galax- 
ies). The figure shows that the existing galaxies from the 
Spitzer archival programs (non-FLS galaxies) are biased 
toward IR-luminous galaxies with blue colors compared 
to the AGES sample and the sample of GTO observa- 
tions help to uniformly distribute the galaxies in (u— r)o.i 
color. The properties of our sample are listed in table [2] 



and figure [3] shows the redshift and 24/im flux density 
distributions. 

3. Spitzer IMAGING DATA 
3.1. Bootes Field 

For our IRS sample, we used observations taken 
from the Infrared Array Camera (IRAC) and MIPS. 
IRAC observations were taken from the Spitzer Deep 
Wide-Field Survey (SDWFS) catalog for Bootes sourees 
(jAshbv et al.l l2009f ). The sources in our sample had 
IRAC coverage in all four photometric IRAC bands 
(3.6/im, 4.5/im, 5.8^m, and 8.0/im). We used the 8.0/im 
selected SDWFS catalog for the four IRAC band magni- 
tudes (given in the Vega magnitude system) of the Bootes 
sources Q 

Since our IRS data were acquired, deeper MIPS data 
were taken as part of the MIPS AGES (MAGES) pro- 
gram (B. Jannuzi et al., in prep). These data catalogs 
provide deeper imaging in all three MIPS bands, (24 /im, 
70 fiui, and 160 fim) in the Bootes field. The MAGES 
catalogs provide significantly deeper imaging at 70 /im 
and 160 //m, achieving detections at these wavelengths 
for many of the sources in our IRS sample. 

Using the MAGES data catalog, we first matched all 
50 galaxies (in the AGES Bootes' field) with a r = 2" 
matching radius at 24 /im. For all galaxies, the IRS 
integrated 24 ^m flux densities (see section |4?2|) agreed 
within the measurement errors with those matched to the 
MAGES 24 yum flux densities. We then used the MAGES 
matched catalog to obtain 70 /im and 160 yum flux densi- 
ties for sources in our IRS sample, including 46 galaxies 
with 70 /xm detections and 27 galaxies with 160 fim de- 
tections (flux densities given in table [5]) . We use these 
longer wavelength data to improve our estimates of the 
total IR luminosity (see section [5^ . 



3.2. Spitzer First Look Survey (FLS) 

Sources in our IRS sample from the Spitzer /YhS have 
IRAC and MIPS imaging from programs published in the 
literature. We used data from the four IRA C channels 
from t he Spitzer data archive provided from iLacv et al.l 
(|2005f ). We used the combined FLS catalog to acquire the 
four IRAC band flux densities of the FLS sources. We 
converted the flux densities to the appropriate magni- 
tudes (Vega magnitude system) , identica l to that for the 
Boote s sour ces. We use t he ca talogs of iPapovich et al.l 
(|2006[ ) and iFraver et al.l (|2006[) to obtain MIPS 24/im 
flux densities, and MIPS 70/im and 160/.im flux densi- 
ties, respectively. 

3.3. IRAC AGN Selection 

The primary goal of this study is to compare the mid- 
IR spectral features of IR-luminous galaxies with indi- 
cations of AGN activity to those without. IR-selected 
AGN can be identified from "star-forming" IR galaxies 
because AGN typically show indications of warm (^1000 
K) dust heated by the AGN which produces a character- 
istic power law continuu m through the IRAC channels 
(e.g., iDonlev et al.l [20121 ). We take advantage of this 

6 Throughout wc use [3.6], [4.5], [5.8], and [8.0] to denote the 
magnitudes with respect to Vega measured in each IRAC band, 
respectively. 
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Figure 3. IRAC colors of [5.8] - [8.0] versus [3.6] - [4.5] for galaxies 
in our IRS sample. Here, the IRAC colors are in the Vega mag- 
nitude system, foUowring Stern et al. (2005). The blue circles are 
sources from the Bootes field and green diamonds are FLS sources. 
The dotted lines show the empirical selection-criteria for IRAC- 
AGN selection: galaxie s inside this "wedge" are IRAC-selected 
AGN l lStern et al.l 120051 ). We denote the subsample of galaxies 
in our IRS sample that satisfy these colors as IRAGN. We denote 
galaxies outside this wedge as non-IRAGN, and we expect the IR 
emission in these objects to be dominated by star-formation. 

color selection here to identify IR-sel ected AGN u sing the 
color selection criteria proposed by iStern et all ([2005) . 
The Stern et al. color selection is defined using spectro- 
scopic observations of galaxies in the same redshift range 
as our sample, which makes it appropriate here. This se- 
lection is also relatively immune to mis-identification of 
purely star forming galaxies as AGN o ver the redshift 
range of our study (jDonlev et al.l [20081 ). so this region 
in the diagram can be re-interpreted to identify galaxies 
where the AGN makes a substantial contribution to the 
mid-I R output but is not totally dominant (Mendez et al.l 
l2013f l. We show the result of this selection on our IRS 
spectroscopic sample in figure [3] 

We define the subsample of galaxies in our IRS sample 
that satisfy this IRAC color-color selection as IRAGN. 
This includes 14 out of the 65 galaxies in our IRS sam- 
ple (2 are in the FLS sample and 12 are i n the AGES 
Boote s sample). Based on the statistics from IStern et al.l 
(|2005| ). it is unlikely that our IRAGN subsample con- 
tains any star-forming galaxies for the AGES sample. It 
is likely, however, that our subsample of IRAGN is in- 
complete for all AGN in our sample. Furthermore, the 
number of AGN dominated galaxies in our sample may 
be biased towards a higher fraction because of our 24/im 
selection criteria. For the remainder of this paper we re- 
fer to galaxies in our sample satisfying this selection as 
IRAGN, and the other galaxies in our sample as non- 
IRAGN. We expect the non-IRAGN subsample to be 
dominated by star-forming galaxies even though some 
will have an AGN. 



4. IRS OBSERVATIONS, DATA REDUCTION, AND 
ANALYSIS 

4.1. IRS Observations 

The IRS was used in staring mode to make the ob- 
servations with both the low-resolution short-low (SL) 
and long-low (LL) IRS modules, giving 5.2-38.0/im cov- 
erage (SL ^ 5.2-14yum and LL ^ 14-38/im) with resolv- 
ing power of ~ 60 — 125. Exposure times were estimated 
based on the 24 ^m flux densities and the purpose of the 
individual programs. Observing times ranged from 360- 
600 seconds for the SL observations and 180-3600 seconds 
for the LL observations. The SL and LL modules have 
respective slit widths of ^-^3.7" and ~10.5", the slits have 
physical sizes of 1.5-25 kpc and 4.3-70 kpc respectively, 
over the redshift range of the sample (0.02 < z < 0.6). 
At the median redshift, the physical slit sizes are 16 kpc 
and 45 kpc, respectively. 

4.2. Data Reduction 

We used the two-dimensional Spitzer data products 
processed by the Spitzer Pipeline version S18.7.0 to per- 
form the standard IRS calibration. Our post-pipeline 
reduction of the spectral data started from the pipeline 
products basic calibrated data (bed) files. To perform 
sky subtraction, we created a sky frame for each object 
by taking the median of all the images for a single ob- 
ject at the same nod position. We subtracted this image 
from the frames for the other nod position for the object 
to produce sky subtracted images. We combined all sky 
subtracted images for each object at a given nod posi- 
tion to produce coadded 2-dimensional images. We used 
IRSCLEAN (v. 1.9) on each image to remove and correct 
for bad and rogue pixels. 

We used the Spitzer IRS Custom Extractor (SPICE) 
software to extract one-dimensional spectra for each or- 
der at each nod position. We chose to use the optimal 
extraction with point-source calibration because it im- 
proved the signal-to-noise (S/N) ratios for our sources. 
Wc combined the ID spectra manually using a weighted 
mean for the nod position for each order. Wc combined 
the SL2 + SLl orders (for the 25 sources with SL2 data) 
and LL2 -I- LLl orders (for all sources). 

To combine the SL and LL orders we took care to 
match the flux calibration, accounting for light lost out- 
side the spectroscopic slits (which varies considerably be- 
tween SL and LL, see above). We integrated the IRS 
spectra from the SL module with the IRAC 5.8/im and 
the IRAC 8.0^m transmission functions, and we inte- 
grated the spectra from the LL module with the MIPS 
24^m transmission function. Wc took the ratio of the ob- 
served flux density as measured directly from the IRAC 
and MIPS observations to the flux density synthesized 
from the IRS spectra as an aperture correction (although 
other effects may contribute to variations in the IRS 
flux density) for each spectrum, with mean corrections 
of 1.55, 0.98, and 1.12 for IRAC 5.8^m, IRAC 8.0/im, 
and MIPS 24/im respectively. We combined (using a 
weighted mean, weighting by inverse variance) the flux- 
corrected spectra to produce a single ID spectrum for 
each source covering the entire wavelength range. 

During the process of the IRS data reduction, we re- 
jected four galaxies from our sample because these ob- 
jects show strong contamination from another source in 



the slit, resulting in a dubious spectrum. After rejecting 
these galaxies, our IRS sample includes IRS spectra of 
67 objects used in the spectral analysis. However, two of 
our sources were repeat visits of the same source (sources 
observed both by the 20113 Dole and 20128 Lagache pro- 
grams). Comparing the reduced spectra for each of these 
sources, they give consistent results for redshift and PAH 
ratios. For the analysis here, we rejected the visits with 
lower S/N. Therefore, our final dataset includes IRS spec- 
tra for 65 unique objects. 

4.3. IRS Spectral Fitting 

To study the mid-IR emission features in the IRS spec- 
tra of our sam ple, we used the PA HFIT spectral decom- 
position code ([Smith et al.ll2007l ). designed for Spitzer 
IRS data. PAHFIT uses a x^ minimization routine to 
fit a non-negative combination of multiple emission fea- 
tures and continua to the one-dimensional spectra of our 
sources. The features included in PAHFIT are the dust 
emission features from PAHs (modeled as Drude pro- 
files), thermal dust continuum, continuum from starlight, 
atomic and molecular emission lines (modeled as Gaus- 
sians), and dust extinction. The PAH emission features 
at (e.g. 7.7, 11.3, and 17 /im) are blends of multiple 
components, and PAHFIT treats these complexes as in- 
dividual emission "features" . 

We used PAHFIT to fit the IRS spectrum for each 
galaxy in our sample. The line fluxes derived by PAH- 
FIT for the emission features for each object are listed 
in Tables [3] and H Figure g] shows the PAHFIT spec- 
tral decompositions for the spectra of objects ID=4 and 
23 in our sample, using the IDs in Tabled) Object 4 is 
classified as an IRAGN as described by the method in 
Section 13. 3[ while object 23 shows no indication of an 
AGN. The spectra are characteristic of the data quality 
and fit quality of our sample. 

We fit the IRS spectra for the galaxies in our sample 
using PAHFIT models with and without dust extinction. 
PAHFIT uses a model where the dust is mixed with the 
emitting stars and grains, as opposed to an absorbing 
screen. Our fits showed that the PAHFIT x^ values are 
improved using models with dust extinction for 60/65 
galaxies in our sample (the other 5 galaxies had similar 
X^ values and are low S/N sources). Other studies have 
also found it desirable to use the default PAHFIT dust 
extin c tion parameter (ISmith et 311120071: lO'Dowd et al.l 
I2OOI IWu et all [20T0I : IDiamond-Stanic fc Riekd I2010D . 
Therefore, we chose to use results from PAHFIT for our 
sample that include dust extinction. However, none of 
our conclusions are changed if wc use the fits excluding 
dust extinction. 

Using PAHFIT, we also fit for the redshift of each 
galaxy using the IRS spectra. All galaxies in our sample 
have a measured redshift from optical spectroscopy fr om 
AGES in the Bootes sample (jKochanek et al.l 120 12[ ) or 
from Papovich et al. (2006) in the FLS sample, but the 
PAHFIT measurement provides an independent check on 
the redshift, and provides supporting evidence that the 
mid-IR source corresponds to the optical counterpart. 
PAHFIT requires an input redshift (it does not mini- 
mize over redshift as part of the fit). Therefore, for each 
galaxy in our sample we used PAHFIT with a grid of 
redshift. We did this step iteratively. Wc first ran PAH- 
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Figure 4. Examples of PAHFIT spectral decomposition to object 
23 (top) and object 4 (bottom). In each panel, the IRS spectro- 
scopic data are shown as black squares. The total fit and individ- 
ual spectral components fit by PAHFIT are shown, including the 
molecular and atomic emission features (blue curves), dust con- 
tinua (red), and stellar light (magenta). The total fit (the sum 
of all the model components) is shown in green, which provides a 
good representation of the data. 

FIT using a the full redshift range with 0.0 < z < 0.6 
with steps of Az — 0.01, and we selected the fit with the 
best reduced x^- We then refined the redshift solution 
by fitting the redshift with Az = 0.001 using a redshift 
range ±0.1 about the best-fit redshift from the first step. 
We verified the consistency in our redshifts by doing 
a comparison to the AGES optical redshifts. We found 
the two redshifts for all galaxies agree within 2%, the 
resolution of the IRS. Table [2] gives both the redshift 
measured from the optical spectroscopy and the redshift 
measured independently from the IRS spectrum here. 

4.4. Offset Between IRS SL and LL Modules 

In the analysis below, one of the important emission- 
line ratios we will consider is the relative strength of 
the 7.7 ^m to 11.3 //m PAH features. For galaxies with 
z < 0.2, these lines both sit in the IRS SL module, but 
for z > 0.2, the 11.3 /im feature shifts into the LL mod- 
ule, in which case the two lines are measured from dif- 
ferent modules with different slit widths. Our procedure 
to flux-calibrate the spectra using the IRAC and MIPS 
photometry described above should account for changes 



in the relative flux owing to the slit widths. Neverthe- 
less, we did some additional tests to confirm that the flux 
measured for the 11.3 /im feature is accurate. 

The median redshift of our IRS sample is Zmodian = 
0.28, and therefore, nearly 50% of the galaxies in our 
IRS sample have the 11.3 fj.m feature in the LL niod- 
tfle. For approximately one quarter of the sample (0.19 
< z < 0.28), the 11.3 ^m feature lies in the overlap region 
covered by both the SL and LL modules. For these galax- 
ies, we compared the measured emission of this feature 
in the SL and LL modules separately, and found that for 
13/16 galaxies there was less than a 3% difference in the 
measured flux of the feature. For the remaining three 
galaxies, the features have lower signal-to-noise, and the 
difference in the fluxes is within the uncertainties on the 
measurement. Therefore, we are confident that the un- 
certainties are fully represented in the errors on the data, 
and that any systematic errors from our flux calibration 
from using the two modules are small. 

5. COMPARISON OF MID-IR EMISSION FEATURES AND 
RELATION TO TOTAL INFRARED LUMINOSITY 

5.1. Composite Spectra 

The spectra of the IRAGN and non-IRAGN subsam- 
ples show different continua and strength of emission 
features, as illustrated in Figure [SJ The flgure shows 
composite spectra for the full sample (IRAGN -I- non- 
IRAGN), the IRAGN, and non-IRAGN. The composite 
spectra were created by performing a weighted mean. 
First, the spectra were interpolated to a common wave- 
length spacing using the observed wavelength scale of 
each order for the SL and LL modules (AA(SL2) w 
OmOfim, AA(SLl) w O.OSg/zm, AA(LL2) « O.OSS^im, 
AA(LLl) w 0.166/xm) to preserve the information from 
each spectrum when creating the composite spectrum. 
The composite spectra are then normalized to the con- 
tinua fluxes at 21/im. An outset panel of each compos- 
ite spectrum is shown for the [O IV] A25.9/um emission 
line. For the [O IV] panel, we have subtracted the con- 
tinuum out (by fltting a line to the continuum around 
the [O IV] line for each composite spectrum) to bet- 
ter show the strength of the [O IV] line for the IRAGN 
compared to the non-IRAGN. The [O IV] atomic line at 
25.89/im has b een established t o be an indic ator of AGN 
lumin osity by iMelendez et al.l ()2008[ ) and iRigbv et al.l 
(I2009D bv comparison to ha rd (E > 10 keV) X-rays. 
IDiamond-Stanic et al.l (120091 ) showed that this line can 
be used to find AGN that are in heavily dust-obscured 
galaxies and therefore are missed by optical. X-ray, and 
other selection criteria. 

The IRAGN composite spectrum shows a lower PAH 
emission equivalent width compared to the non-IRAGN 
composite spectrum. The most apparent PAH emission 
feature in the IRAGN subsample is the weak 7.7 //m 
feature. The continuum is mostly flat across the wave- 
length range of the spectra, suggesting the continuum 
is raised in response to heating from the AGN. Further- 
more, the PAH features arc not absent in the IRAGN, 
which suggests that in part, the mid-IR continuum from 
the AGN is diluting the luminosity from the PAH fea- 
tures. In comparison, the continuum is much weaker in 
the non-IRAGN composite spectrum, and this spectrum 
shows very prominent PAH and other emission features 
throughout the wavelength range covered. 
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Figure 5. Composite spectra for the IRS sample. Tiie top panel 
siiows the composite spectrum for all 65 galaxies in the IRS sam- 
ple. The middle and bottom panels show composite spectra for the 
subsamples of IRAGN (14 galaxies) and non-IRAGN (51 galaxies), 
respectively. The vertical red-dashed lines indicate the prominent 
PAH features and emission lines in the wavelength range, as la- 
beled. The flux is normalized at the continuum flux of 21/im. 
The outset panels show the composite spectra in a small wave- 
length region 24.5/im-27.5/.tm to show the strength of the [O IV] 
A25.9/im emission line (see section [5. II for explanation). The error 
bars shown is the error on the weighted mean for each composite 
spectrum. 

5.2. Measuring the Total Infrared Luminosity 
We used model spectral energy distributions (SEDs) 



to estimate the total Lir = L, 



8-iooo/xm 



from the MIPS 



24/xm flux densities for all sources. 70/im and WOjim 
flux densities were use d when avai l able f rom MAGES 
for Bootes sources and iFraver et al.l (|2006[ ) for the FLS 
sources. To calculate the total IR luminosity, we tested 
several model libraries that provide far-IR SEDs that 
vary in shape as a functiori of aalaxy IR luminosity 
and ionization (iDale fc Heloul200alcharv fc Elbazll200li : 



iRieke et al.ll2009t) . For galaxies with 24 and 70 /xm detec 
tions, or 24, 70, and 160 /zm flux densities, the total IR lu- 
minosities are consistent (within 40%) using any of the IR 
S EDs from .Charv & Elbaz (2001), Dale & Helou (2002), 
or IRieke et al.l ()2009f ). However, because 19 galaxies (in- 
cluding four IRAG N) in our saniple a re detected at only 
24 /xm, we use the IRieke et al.l (|2009[ ) IR SEDs because 
our tests showed that the total IR luminosities derived 
using their templates with only the 24 /xm are closest 
with those derived from multiple MIPS bands (24 and 
70 fj,m, or 24, 70, and 160 um). These tests are described 
more fully in Appendix |A] For the four IRAGN only de- 
tected at 24^m, we interpret the luminosities from the 
purely star-forming spectral templates to be upper lim- 
its. However, if we assume an extre me case of a quasar 
(using the quasar SED templates of iShang et al.|[20lll) 
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Figure 6. Redshift versus the total IR luminosity from 8-1000/^m 
for our IRS sample (blue circles, Bootes sources; green diamonds, 
FLS sources) derived from the MIP S 24 /jm data (an d 70 and 
160 Atm, if available) derived using the lRieke eFaLJ ||2009| ) IR SEDs. 
The galaxies in our IRS sample span the range of IR luminosity 
of "Luminous IR gal axies" (LIRGs) Lir = 10" - IO^^Lq. The 
flgure also shows the lO'Dowd et aLI I I2009I ) SSGSS sample (orange 
circles), which are lower redshift and IR luminosity. The dashed 
curve shows the limiting IR luminosity as a function of redshift 
for a fixed 24 /.tm flux density of 1.2 mjy using the IR SEDs from 
IRieke et aP l(2009l '). 

then our total IR luminosity is at most overestimated 
by a factor of 3.5 for these four IRAGN. However, we 
consider this highly unlikely because the MIPS-to-IRAC 
flux ratios for these four IRAGN (F24^m/F8.o/im = 4.2 
median) i s highly discr e pant from the optically luminous 
quasars of lShang et al.l (|2011l ) (F24/im/F8.o^m = 1-4 me- 
dian) and so this factor of 3.5 is a very conservative limit 
for this extreme case. We believe our estimates of the to- 
tal IR luminosity to be valid due to the majority of our 
sample being LIRGs and having rnodest redshifts, based 
on the work of iRuiopakarn et all (|2013D . 

Figure [6] shows the calculated to tal IR luminosities 
from fits to the MIPS data using the IRieke et al.l (|2009f ) 
IR SEDs. TableEllists the MIPS flux densities for 24^m, 
70^m, and 160//m, along with the total IR luminosities. 
The figure also shows the relation for the IRS sample of 
the Spitzer SDSS Galaxy Spectroscopic Survey (SSGSS) 
from lO'Dowd et all (|2009f ). which illustrates the distinc- 
tion in IR luminosity and redshift range between their 
sample and our sample here. 

5.3. Contribution of PAH Emission to Lir 

In figure [71 we show the distribution of Lpah/Lir 
for the entire sample (bottom panel), the subsamples 
of IRAGN (middle panel) and non-IRAGN (top panel). 
Here Lrah is the sum of all the luminosities of the PAH 
features at 6.2, 7.7, 8.6, 11.3, 12.7, and 17.0 ^m, and L ir 
is the t otal IR luminosity as described in section 15.21 us- 
ing the lRieke et al.l ()2009t ) templates. The median ratio 
of Lpah/Lir is 0.08 with an interquartile range (which 
contains the inner 50% of galaxies) of 0.05 to 0.11. We 
find that Lrah/Lir is higher in the non-IRAGN sample. 
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Figure 7. The distribution of Lpah/Lir for our sample, where 
LpAH is the total luminosity of the 6.2, 7.7, 8.6, 11.3, 12.7, and 
17.0/-tm PAH emission features. The bottom panel shows the dis- 
tribution for our IRS sample. The middle panel shows the dis- 
tribution for our subsample of IRAGN, and the top panel shows 
the distribution for our subsample of non-IRAGN. The median 
Lpah/Lir. is 0.05 for the IRAGN, and is about half that for the 
non-IRAGN which have a median of Lrah/Lir = 0.09. The ar- 
rows represent the Lpah/Lir ratios from the composite spectra 
in figure [5] (Lpah/Lir = 0.09, 0.06, and 0.10 for the IRS sample, 
IRAGN, and non-IRAGN, respectively). 

with a median of 0.09, compared to Lpah/Lir = 0.05 for 
the IRAGN. A K-S test appUed to the distributions gives 
a D-statistic = 0.52, which indicates a 99.7% hkehhood 
that the IRAGN and non-IRAGN have different parent 
distributions. If we exchide the four IRAGN only de- 
tected at 24/xm and not in the far-IR, the K-S test gives 
a D-statistic = 0.49 and a hkelihood of 97.6%. 

The 7.7^m feature for either IRAGN or non-IRAGN 
contributes significantly to the entire amount of PAH 
emission. The median Ly.y/LpAH is 0.45 with an in- 
terquartile range (which contains the inner 50% of galax- 
ies) of 0.40 to 0.48 for our sample; and the median 
IRAGN L7.7/LPAH is slightly higher at 0.49. These re- 
sults show that as much as 10% of the total IR luminosity 
can come from the 7.7/im feature alone. 

The IRAGN in our sample show lower Lpah/Lir com- 
pared to the non-IRAGN, where 13/14 IRAGN have 
Lpah/Lir^ < 0.09 . This is similar to the findings of 
iSmith et al.l ()2007D . who suggested there may be a nat- 
ural limit to the absolute PAH strength in sources with 
AGNs, cither because of partial destruction of the grains 
or an increase to the total infrared luminosity from other 
continuum sources. However, there are two key differ - 
ences between our sample and that of lSmith et al.l()2007[ ). 
First, the objects in our sample have (in most cases) sig- 
nificantly higher IR luminosities. Second, the IRS aper- 
tures encompass the integrated light from the galaxies 
in our samp l e, wh ereas the IRS resolves those in the 
ISmith et al.l (|2007f ) sample to include light separately 
from the disk and nucleus. This will tend to dilute the 
effects of the AGN on the integrated PAH ratios. We 
discuss this further in section |6^ 
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Note. — We present our detection frequencies for the 
most common PAH emission features and atomic omis- 
sion lines in the mid-IR for the IRS sample. Each col- 
umn gives the frequency that a given emission feature 
is detected at > 3(t significance in the full sample, or 
the IRAGN, or the non-IRAGN subsamples (given as 
number of galaxies with detections in the sample or as a 
percentage of galaxies with det ectio ns compared to their 
respective sample, see section 15.411 . In the far left col- 
umn, atomic features are labeled, and PAH features are 
denoted by their central wavelengths, tg sources in our 
sample have redshifts [z ^ 0.5) for which [O IV] is shifted 
out of the IRS LL channel and are not included in the 
sample for this line. 

5.4. Detection Frequency of Emission Features 

Figure [8] shows the fraction of galaxies in our sample 
whose IRS spectra show some of the most common emis- 
sion features detected at > 3a significance. Emission 
frequencies are given in table [1] for the full sample, non- 
IRAGN, and IRAGN subsamples. As an example, the 
7.7/im PAH emission feature is found with > Str signifi- 
cance in only 5 out of the 14 IRAGN in our the sample, 
and therefore its frequency is 36%. Although a variety of 
factors can influence detection of the PAH features, since 
our sample is selected primarily on mid-IR flux, to first 
order we should reach similar detection limits on average 
for all the sample members. 

The 6.2fiin, 7.7/im, 8.6/im, 11.3/im, and 12.7/im PAH 
features are present in more than 50% of the galaxies in 
our sample (and the same PAH features are present in 
more than 70% of the non-IRAGN galaxies) . The most 
commonly detected PAH emission feature is the 11.3/im 
feature with a frequency of 75%. The PAH feature with 
the lowest detection frequency (29%) is the 17/im feature. 
Considering the two subsamples, the frequency of the 
PAH emission features for the IRAGN subsample is less 
than half that of the non-IRAGN subsample except for 
the 11.3/im feature, which has 50% for IRAGN and 82% 
for the non-IRAGN. This su pports the conclusion from 
iDiamond-Stanic et al.l (j2009[ ) that the 11.3/im feature is 
relatively unaffected by AGN. 

Figure |S] shows the frequency that the [Ne II] A12.8/im, 
[Ne III] A15.6/im, and [O IV] A25.9/im emission lines 
are detected with > 3a significance in our IRS sam- 
le. The emission line of [Ne II] is a tracer of the SFR 
Ho fc Ketoll2007f l. while the ratio of [Ne III]/[Ne II] 
and the [O IV] emission line trace harder ionization pa- 
rame ters that correlate with AGN intrinsic luminosity 
Ce.g. IDiamond-Stanic era!] 120091 llVIelendez et~all 120081: 
iRigbv et al.ll2009D . The [Ne II] hue has a >80% detec- 
tion frequency for the non-IRAGN subsample, signifi- 
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Figure 8. Detection frequencies for common mid- IR PAH features 
and atomic emission lines in the IRS sample. Each histogram gives 
the frequency that a given emission feature is detected at > 3o" 
significance in the IRS sample (black bars), or the IRAGN (red 
bars) or the non-IRAGN (blue bars) subsamples. On the abscissa, 
atomic features arc labled, and PAH emission features are denoted 
by their central wavelengths. 

cantly higher than the '^20% detection frequency for the 
IRAGN subsamplc. In contrast, the [O IV] hne has >70% 
detection frequency in the IRAGN subsamplc compared 
to ~30% for the non-IRAGN. These detection fr-equen- 
cies of [Ne II] and [O IV] arc independent of the selection 
of these subsamples (which depend solely on their IRAC 
colors), yet give additional evidence that the emission 
from these samples stems from star-formation (in the 
case of the non-IRAGN) and AGN (in the case of the 
IRAGN). We discuss the inferred physics based on the 
[Ne II] and [O IV] emission lines in Sections 15.81 and 16.41 

5.5. Measures of Grain Sizes and Ionization State 

Models show that the relative power emitted in the dif- 
ferent PAH emission features depends on the distribution 
of molecular grain s i zes contributing to that PAH feature 
(|Drainefc Li] [200l ISchutte et all Il99l iTielend l2005l) . 
Generically, the models predict that PAH molecules of 
smaller size should emit more power at shorter wave- 
lengths and PAH molecules of larger size should emit 
more power at longer wavelengths (i.e., the emission from 
the 6.2/ini PAH feature should be dominated by grains 
of smaller size than those at 11.3/im). Therefore, the ra- 
tio of the strength of longer-wavelength PAH features to 
shorter-wavelength PAH features constrains the size of 
the PAH molecules. 

In addition, the models predict that the ionization 
state of PAH molecules affects the relative lumi nosity 
in each PAH emission feature (jDraine &: Lill200"l[ ). For 
example, the C-C vibrational modes are expected to b e 
more intense in ionized PAH molecules ()Tielensll2005[ ). 
The 6.2/im and 7.7/im bands result from radiative relax- 
ation of C-C stretching modes and the features should 
change little rel ative to each other as the ionization 
fraction changes (jO'Dowd et al.|[2009D . In contrast, the 
power of the PAH bands attributed to C-H modes such 
as the 11.3/im and 12.7/im features is expected to de- 
crease (moving from neutral to ionized clouds in the in- 




Figure 9. PAH band ratios L6.2/L7. 7 vs. L11.3/L7. 7 for the galax- 
ies in the IRS sample. The L6.2/L7.7 ratio is a tracer of PAH grain 
size, and the L11.3/L 7.7 ratio is a tracer of PAH grain ionization 
llU'Uowd et al.ll26c)9l) . The red squares denote IRAGN and the 
blue circles denote non-IRAGN galaxies. The IRS sample falls 
mostly within the locus defined by 0.2-0.4 in both axes. This 
shows that the galaxies have a mixture of grain sizes and different 
ionization fractions of PAHs. We measure a weak correlation be- 
tween L6.2/L7.7 and L11.3/L7.7 (Spearman's p = 0.41), which we 
interpret as evidence for decreasing PAH grain size and increasing 
ionization within the locus. We also observe that the IRAGN ratios 
are slightly lower typically compared to the non-IRAGN galaxies, 
in our IRS sample. 

terstellar medium (ISM) ). Therefore, the ratio of the 
strength of ionization-independent PAH features, such 
as the 6.2 and 7.7 /im feature, to ionization-dependent 
PAH features, such as the 11.3 and 12.7 /im features 
should be sensitive to the overall ionization state of the 
PAH molecules. 

Therefore, the PAH molecule sizes and ionization state 
can be constrained by comparing the PAH band ra- 
tios Lg.2/L7.7 to L11.3/L7.7. The former traces PAH 
grain size, but is relatively unaffected by ionization. 
The latter is sensitive to ionization and less affected 
by changes in grain size. Figure IHl shows these line 
ratios for the galaxies in our sample. The sample 
lies mostly in a locus between line ratios of 0.2-0.4 
for both L6.2/L7.7 and L11.3/L7.7. Thi s is consistent 
with the findings from other studi e s (lO'Dowd et alJ 
[2OOI IDiamond-Stanic fc Riekd [2OIOI: IWu et al.l 12010^ 
We measure a weak correlation between L6.2/L7.7 and 
L11.3/L7.7 (Spearman's p = 0.41), which we interpret as 
evidence for decreasing PAH grain size with increasing 
ionization wi thin the locus (this is consistent with the 
trend seen in lO'Dowd et al.ll2009[ ). 

5.6. Relation between Radiation Hardness and PAH 
Strength 

The emission-line ratio of the [Ne III] (15.6/im with an 
ionization potential of 41eV) emission to the [Ne II] (12.8 
/im, with an ionization potential of 21.6e V) is a mea- 
sure of the hardness of the radiation field (jSmith et al.l 
l2007f ). Figure [To] shows the ratio of L[noiii]/L[noIi] as a 
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Figure 10. [Nc III]i5.6m"i/[Nc Il]i2.8Mm versus Lt.t/Lh.s. Blue 
circles show the subsample of non-IRAGN, and red squares show 
the subsample of IRAGN (not all IRAGN have [Nc IIl]/[Nc II] ra- 
tio detections). The dashed line is the median L7.7/L11.3 value 
for the non-IRAGN subsample only. There is no trend between 
[Ne IIl]/[Ne II] and L7.7/L11.3 for either the non-IRAGN or 
IRAGN. This is similar to the co nclusions from other studies 
dU'Dowd et a l.'i2009: Wu e t al.|[20TOl) . but contrasts with the find- 
ings of lSmith et al. (2007), although we expect this difference, in 
part, is due to issues with the full integrated light (nucleus and 
outer regions from the galaxies in our IRS sample fall withi n the 
IRS aperture in constrast to the sample of lSmith et al.ir2007l ). 

function of Ly.Y^m/Lii.s^rn, which is an indicator of the 
ratio of ionized-to-neutral PAH molecules, as discussed 
in section 15.51 In general, there is no correlation be- 
tween L[ncIii]/L[NcII] and L7.7^ni/Lii.3/im- The dashed 
line in figure [TU] shows the median L7 7/(ni/Lii.3um for 
the non-IRAGN only. There is tentative evidence that 
the IRAGN have I'r.Tfx-m/i^ii.s/j.ui ratios higher than this 
median, but this is not statistically significant given our 
sample size. 

We see no IRAGN galaxies with ex tremely low 
L7/7um/Lii.3^m ratios (<1), as seen in the ISmith et al.l 
()2007() sample. The L7. 7^ni/Lii.3A(m ratio behav- 
ior contrasts strongly with ISmith et al.l (120071). but is 
in reasonable agree ment with others ( Wu et al] 120101 : 
lO'Dowd et al.ll2009l ). We suspect the difference is a result 
of the fact that the IRS spectra for our sample contains 
the integrated light from the galaxy (nucleus -I- galaxy), 
whereas th e IRS apertures containing the nuclei used by 
ISmith e~l . (2007) included only the galactic nuclear re- 
gions. Our sample contains few sources with high hard- 
ness ratios ([IVelll]/ [ Nell] > 2, similar to the sarnples o f 
lO'Dowd et alll2009l: IS^ith et al.ll2007t IWu et al.ll2010l) . 
and most sources with high hardness ratios are upper lim- 
its only. This suggests that hig her hardness ratios cannot 
account for the trend seen by Smith et al. (200/). This 
conclusion agrees with that in Gordon et al. ( 2008) from 
a study of H II regions in JVIlO l andS ^randl et al. (200f| 
studyi ng 22 starburst galaxies. iDiamond-Stanic fc Rieki 
()2010D showed that spectra taken from an off-axis region 
of an AGN host galaxy have no significant differences 
from SINGS H II galaxies' PAH ratios. As discussed in 
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Figure 11. PAH 6.2/^m equivalent width versus the L7,7/Lii.3 
PAH ratio. The dashed lines show selection criteria to separate 
sources into AGN, composite, and SB galaxies, as labeled in the 
figure. Galaxies with EW < 0.2 /im are likely AGN (red-dashed 
line), galaxies with EW > 0.5 ^m are SB galaxies (blue-dashed 
line), and galaxies that fall between these lines are likely AGN+SB 
composites. We observe no correlation between L7.7/L11 3 and the 
EW of the 6.2^m PAH feature. 



Section [531 the 11.3/xm feature is relatively unaffected 
by AGN, which co uld explain the lower ratios seen by 
ISmith et al.l ()2007f ). The other studies also have sam- 
ples that would remain relatively unchanged over their 
respective rang es of hardness ratios (jO'Dowd et al.ll2009l : 
iWu et aLll2010l , Zmod = 0.08 and normal SF galaxies and 
0.008 < z < 4.27, respectively). 

5.7. The Distribution of the 6.2fim PAH Equivalent 

Width 

Previous studies use the equivalent width (EW) of the 
6.2/im PAH feature to classify sources as AGN, star- 
bursts (SBs), a nd composite AGN-I-SB subsamples (e.g., 
IWu et all 120100 . Sources where an AGN dominates the 
IR emission are expected to have lower 6.2/im PAH EW 
either because the mid-IR continuum from the AGN 
is much stronger and washes out the emission, or be- 
cause the ionization field of the AGN destroys the PAH 
molecules, or a combination of the two. The EW mea- 
sures the relative strength of the PAH feature to the mid- 
IR continuum, thereby allowing us to quantify the effects 
of an AGN. 

Figure ITT] shows the PAH 6.2/im EW versus the 7.7- 
to-11.3//m PAH flux ratio. The red dashed line shows a 
selection for AGN with EW < 0.2/im, the blue dashed 
line shows a selection for SB galaxies with EW > 0.5/im, 
and AGN-f-SB compo site sources populat e the region be- 
tween these regions (jArmus et al.l 120071 ). IVIost of the 
IRAGN (defined by the IRAC color-color selection) have 
low 6.2/im EW: 12 of the 14 IRAGN satisfy either the 
composite or AGN 6.2/im PAH EW criteria. Similarly, 
most of the non-IRAGN have high 6.2/tm EW: 46 of 51 
non-IRAGN satisfy the SB 6.2/im PAH EW criterion. In- 
terestingly, the figure shows no correlation between the 
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6.2/^ni EW and Ly.r^ni/Ln.a^ni ratio. A similar obser- 
vation is shown for the Ly.y^m/Lii.a/im ratio compared 
to the hardness of the radiation field in figure fTOlf see sec- 
tion l5.6p . Therefore, we see no indication tliat the pres- 
ence of an AGN affects the Lyy/jm/LiLS/xm ratio. If the 
AGN were photoionizing the PAH molecules; and reduc- 
ing the 6.2/xm EW, we would expect the Ly.T^m/Lii.ayLtm 
ratio to decrease with decreasing 6.2/^m EW. Because we 
do not, we conclude that the AGN decreases the PAH 
6.2/im EW because the AGN increases the mid-IR con- 
tinuum, and not because the AGN destroys the PAH 
molecules on a galaxy wide scale (see section [63)) . 



5.8. The relationship between PAH luminosity, 
Star-formation Rate, and AGN luminosity 

As discussed above, the [Ne II] and the [O IV] emission 
lines are useful probes of the SFR and AGN luminosity, 
respectively. In figure 1121 '^6 plot the flux measured in 
the [Ne II] and [O IV] lines against the summed flux 
from the 7.7/^m and 11.3/xm PAH features, which we 
are able to then compar e direc tly against results from 
iDiamond-Stanic fc Rieki (I2010D . The [Ne II] emission 
correlates strongly with PAH emission, with a Spear- 
man correlation coefficient of p = 0.94 and a linear fit 
of F([Ne II]) = 0.02 xFr.7+ii.3°-^^. The scatter in the 
[Ne II]-PAH relation increases for fainter fluxes, which 
may be related to the presence of IRAGN, which are 
more frequent in the sample at faint line fluxes. 

In contrast, the [O IV] line shows almost no correlation 
with PAH emission, with a Spearman correlation coeffi- 
cient oi p = 0.19. Because [Ne II] correlates so well with 
the PAH emission, the relation in figure [12] suggests that 
the PAH emission correl ates with the SFR. This is consis - 
tent with the findings oflDiamond-Stanic fc Riekd ()2010D 
and iGenzel et al.l ()1998D . We also do not see any clear 
difference between the IRAGN and non- IRAGN in either 
the [Ne II] or [O IV] versus PAH emission plot in fig- 
ure[l2l indicating further that the PAH features are likely 
tracing star formation in both subsamples, and that the 
presence of AGN do not increase (or decrease) PAH emis- 
sion integrated over galaxies (JDiamond-Stanic & Riekg 
[2011 . 

The bottom panel in figure [12| shows a swath of eight 
galaxies with low PAH emission and high [O IV] emis- 
sion. These galaxies lie above the upper dashed line, 
which is 4 times greater than the fit to the non-IRAGN 
(lower dashed line). Approximately one-half (5/llQ) of 
the IRAGN have [O IV] emission above this line. In 
addition, three of the galaxies above this line are non- 
IRAGN. Removing these galaxies from the sample shows 
a correlation may be present (Spearman's p = 0.60) for 
galaxies wit hout strong [O IV] emission. As stated in Sec- 
tion[331 the lStern et al.l (|2005[ ) IRAC color-color method 
used to identify IRAGN selects more broad-line AGN, 
but only about 40% of narrow-lined AGN. Because excess 
[O IV] indicates the presence of ionization from an AGN, 
these three non-IRAGN galaxies likely harbor heavily- 
obscured AGN that are missed by the IRAGN selection. 



"^ Throe do not have [O IV] detections due to the rodshift of the 
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Figure 12. The relationship between the PAH emission features 
and the [Ne II] (top panel) and [O IV] (bottom panel) emission 
lines. All units are in W/m^. The top panel shows a correlation 
between the PAH emission and [Ne II] emission line suggesting 
PAH emission correlates with star formation. The dashed line rep- 
resents a linear fit (0.02xF7.7+ii.3'''^®) to the sample. The bottom 
panel shows that there is little, if any, correlation between PAH 
emission and [O IV] , but there is a population of objects with low 
PAH emission and excess [O IV] emission. The upper dashed line is 
four times greater than the fit to the non-IRAGN subsample (lower 
dashed line) used to select the [O IV]-excess objects. 

6. DISCUSSION 

6.1. The Color-Magnitude Diagram for IR Luminous 

Galaxies 

Because our IRS sample spans a nearly uniform distri- 
bution in optical color, we are able to study differences in 
the IR emission properties of galaxies with different posi- 
tions on the optical color-magnitude relation. For the full 
sample (all galaxies in AGES with /(24/xm) > 1.2 mJy 
and 0.02 < z < 0.6, including both the IRAGN and non- 
IRAGN), we find the median values are M(r)o.i = -20.36 
mag and (u — r)o.i = 1.97 mag. These differ from the 
median values for our IRS sample, which are Af (r)o.i = - 
20.74 mag and {u — r)o,i = 2.23 mag). We attribute these 
differences to the fact that our IRS sample has a uniform 
selection in {u — 7')o.i optical color whereas the full sam- 
ple is weighted toward bluer (u — r)o.i optical colors. 
In figure [131 we replot the location of the IR-luminous 
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galaxies on the optical -M(r)o.i versus (u — r)o.i color- 
magnitude diagram, and we denote galaxies by their IR 
luminosity as derived from their MIPS data (see section 
15. 2p in coarse bins of luminosity: low-luminosity galax- 
ies (LiR = 10^" — 2.4 X 10^^ L0), medium-luminosity 
(LiR = 2.4 X 10" - 4.5 X 10^^ Lq) and high-luminosity 
(LiR > 4.5 X 10^^ L0), evenly splitting the medium and 
high luminosity bins ('-^100 galaxies for each bin) for the 
full sample to improve the statistics for comparisor{j. Us- 
ing the full sample of galaxies with /(24/im) > 1.2 mJy, 
we find no difference in (u — r)o.i color as a function 
of IR luminosity. Each of the three IR luminosity bins 
have nearly equal median colors {u — r)o.i = 2.0 mag 
with similar interquartile ranges. The only difference we 
measure is that the (u — r)o.i color distribution of the 
highest IR luminosities is slightly broader than for the 
lower luminosity galaxies. 

In comparison, our IRS sample shows the low, medium 
and high-luminosity galaxies are also mostly distributed 
evenly in the color-magnitude relation. We observe slight 
evidence that the (u — r)o.i color decreases for increasing 
IR luminosity. We find the median {u — r)o.i colors are 
2.34 mag, 2.25 mag, and 1.96 mag for the low, medium, 
and high-luminosity galaxies, respectively. However, we 
consider this trend not to be significant given the lack of 
any correlation in the full sample. 

We compared the (u — r)o.i color distributions for 
galaxies classified as IRAGN and non-IRAGN from the 
full sample of galaxies with /(24/im) > 1.2 mJy from 
AGES (cyan points in figure I13|) . The median values, 
M{r)o 1 ^ -20.34 mag and {u — r)o 1 ~ 2.00 mag for the 
IRAGN and for the non-IRAGN A/(r)o.i - -20.36 mag 
and (u — r)o.i ~ 1.96 mag are similar. A K-S test ap- 
plied to the distributions gives a D-statistic = 0.06 and a 
likelihood of 74.8%, which we interpret as evidence that 
there is no difference between the {u — r)o.i colors for IR 
luminous galaxies selected as IRAGN and non-IRAGN. 

Considering only our IRS sample, the IRAGN span 
the range from the blue cloud to the red sequence, where 
67% (8 of 12) arc located in the "green valley" or the red 
sequence {{u - r)o.i + 3/50 x (M[r]o.i + 20) > 2.18). The 
distribution of {u — r)o.i color for the non-IRAGN galax- 
ies appears shifted toward bluer colors compared to the 
IRAGN. We find that the median {u — r)o.i color for the 
non-IRAGN is 2.13 mag compared to the median color 
for the IRAGN, 2.38 mag, shown in figure [131 However, 
because we see no difference between IRAGN and non- 
IRAGN in the full sample of IR luminous galaxies, we do 
not consider these differences significant. 

Other studies of the optical colors for AGN have 
found that they populate a similar region of the color- 
magn itude relation cornpared to our IRAG N samples 
here (jNandra et al.ll2007t IWeiner et al.ll2007| ). While our 
IRAGN span a sir nilar (u — ?")n.i colo r range as X-ray 
selected AGN (e.g. iNandra et~alTl2007[) . so do the non- 
IRAGN. So it is unclear if the presence of an AGN is 
driving redder {u — r)o.i colors in our IRS sample of IR 
luminous galaxies. Therefore, in galaxies selected to be 
IR luminous (with /(24/im) > 1.2 mJy), there is no mea- 
surable difference between the optical (w — r)o.i colors for 



* If we use the traditional ULIRG identification (Ljr > W^^Lq) 
for the full sample, wc have only 9 galaxies for comparison. 
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Figure 13. Optical (u — r)o.i color-magnitude diagram. Both 
plots are similar to figure[l]cxcept for symbol changes to the Bootes 
IRS sample. ( Top Panel) The sample symbols denote IRAGN (red 
squares), non-IRAGN (blue circl es), a nd non-IRAGN galaxies with 
excess [O IV] (defined in section [5.81 black open circles). (Bottom 
Panel) The sample symbols denote galaxy IR luminosity as low- 
luminosity galaxies (Ljpi = 10^" — 2.4 X 10^^ Lq, green diamonds), 
medium-luminosity galaxies (Ljp = 2.4 X 10^^ — 4.5 X 10^^ Lq, 
purple circles), and high-luminosity galaxies (Lir > 4.5 X 10^^ Lq, 
orange squares). 

galaxies selected as IRAGN and non-IRAGN. 

However, there is a difference in our interpretation of 
the (w - r)o.i colors for the IRAGN and non-IRAGN. 
Most of the IRAGN in our IRS sample have low [Ne II] 
and PAH luminosities, which may imply they have sig- 
nificantly lower SFRs compared to the non-IRAGN (fig- 
ures [H and [HI) . Therefore, the fact that the IRAGN 
in our samples lie in the "green valley" or red sequence 
may imply they have declining SFRs or a recent ces- 
sation of star-formation, similar to conclusions reached 
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Figure 14. The relationship between the luminosity of the PAH 
emission features and the [Ne II] emission line. The [Ne II] luminos- 
ity eorrelates strongly with the PAH luminosity, with a Spearman 
eorrelation coefficient of p = 0.90 and a linear fit (dashed line) of 
Log(L[NeIl]) = 1.02 ± 0.03 x Log(L7.7+ii.3) - 1.71 ± 0.25. 



by INandra et al.1 (120071 ). This also implies that star- 
formation is not a necessary component for an AGN to 
persist. 

6.2. AGN effects on PAH Emission and AGN 
contribution to Lir 

Previous studies have used anticorrelations in the 
[Ne III]/[Ne II] versus L7 yuni/Ln.aum ratios (see figure 
[TU)) to conclude that galaxies with an increasing hardness 
of radiation field from an AGN have relatively less emis- 
sion from shorter wavelength PAH fe atures co mpared to 
longer wavelength PAH features (e. g. ISmith et al. 2007; 
lO'Dowd et aLllbooarwii et al.ll2010t) . One interpretation 
is that the smaller PAH molecules ar e preferentially de- 
stroyed in the prese nce of the AGN (|Smith et al.l 120071: 
lO'Dowdet"ani2009[) . It is certainly the case that AGN 
do not increase PAH emissioii. as sh own in figure [12] (see 
also [Diamond- Stanic fc Riekd 120101) . 

In our sample, the luminosity for all PAH features is 
uniformly weaker in the IRAGN galaxies compared to the 
non-IRAGN and uniformly less frequent (see figures [S] 
and 8). Figure [5] shows that the mid-IR SEDs of the 
IRAGN in our sample show a weakly rising continuum 
with increasing wavelength (with possible silicate absorp- 
tion at 9.7 fim). Figure [12] shows that most of the IRAGN 
galaxies in our sample have low [Ne II] emission and PAH 
emission. Therefore, the IRAGN appear to have lower 
implied SFRs. Taken together, the data suggest that 
the reason IRAGN in our sample have lower PAH emis- 
sion is a combination of higher mid-IR continuum from 
processes associated with the AGN combined with in- 
trinsically lower SFRs. It is unclear if the AGN actually 
destroy PAH molecules but given the low [Ne II] fluxes, 
it seems more likely the lack of PAH emission is because 
the hosts of IRAGN have lower SFRs. It is possible that 
some other feedback mechanism from the AGN affects 
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Figure 15. The total IR luminosity versus the PAH luminosity 
as an indicator for the contribution of AGN luminosity to the Lir. 
The shaded regions represent percent amounts, marked in the plot, 
for the contribution of AGN luminosity to the total IR luminosity 
for the IRAGN in our sample under the ass umpt ion that the PAH 
luminosity traces the total SFR (see section [6.21 for explanation). 

the SFR. We also have to be cautious about the selec- 
tion effect for IRAGN that the AGN will boost the flux 
at 24^m and will select on a lower star-formation thresh- 
old than a purely star-forming sample. Thus, this may 
result in weaker observed PAH emission for the IRAGN. 
Figure [TJ] shows that the PAH luminosity corre- 
lates linearly with the [Ne II] luminosity (linear flt of 
Log(L[Ne II]) = 1.02 ± 0.03 x Log(L7.7+ii.3) - 1.71 ± 
0.25). Because the correlation is linear , we conclude tha t 
both are good tracers of the total SFR (|Ho fc Ketal2007[) . 
We can then use the PAH luminosity and total IR lu- 
minosity to estimate the contribution of star-formation 
and AGN luminosity to the total IR luminosity for the 
IRAGN in our sample. In figure I15i we show our esti- 
mated contribution of AGN luminosity to the total IR 
luminosity for the IRAGN. We make the implicit as- 
sumption that the non-IRAGN galaxies with the highest 
Lpah/Lir ratios have no contribution from AGN lumi- 
nosity to their Lir. Under this assumption the contribu- 
tion of AGN to the IR luminosity is a lower limit, and 
could be higher by a systematic amount. However, the 
relative contribution of an AGN to the IR luminosity is 
robust under this assumption. Using this premise, we de- 
fine our 0% AGN luminosity contribution for the IRAGN 
by fitting the range of the Lpah/Lir ratios for the up- 
per quartile of non-IRAGN galaxies with Lir> IO^^Lq 
using a unity relation between the two luminosities. The 
shaded region represents the range of scatter in our sam- 
ple as to which galaxies are completely star-forming. Us- 
ing this definition, we attribute 50-90% of the total IR 
luminosity in the IRAGN t o an AGN rat her than star- 
formation (a similar result to lSchweitzer et al. 2006, from 
a study of QSOs), except for one object where the AGN 
contributes < 50% of the total IR luminosity (and has 
one of the highest [Ne II] luminosities of the IRAGN). 
While star-formation is a significant contribution to the 
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total IR luminosity for the IRAGN, the AGN is the dom- 
inant source of IR luminosity in these galaxies. 

6.3. Emission ratios of Short-to-Long wavelength PAHs 
in IRAGN and non-IRAGN 



lO'Dowd etlD (|2009| ) showed that the AGN in their 
sample have significantly lower Lr.y^m/Lii.s/im val- 
ues than the S F galaxies (similar to conclusions from 
IWu et alllMof ). Both O'Dowd et al. and Wu et al. found 
no significant difference in the L6.2yum/L7.7^m ratio go- 
ing from galaxies dominated by star-formation to those 
dominated by an AGN. Taken together, these observa- 
tions suggest that galaxies with AGN show a reduction 
in the emission of shorter wavelength PAHs relative to 
longer wavelength PAHs. In contrast, we see no differ- 
ence in either the Ly.y^m/Lu.a/im or L6.2/im/L7.7^m ra- 
tio for the IRAGN and non-IRAGN in our sample. Here 
we discuss possible reasons for the differences seen be- 
tween the samples. 

As noted above, previous studies argued that the 
smaller dust grains responsible for the shorter wave- 
length PAH molecules are preferentially destroyed in the 
presence of an AGN ([Smith et al.' '2007"; 'O'Dowd et alj 
[2001 IWu et~all [Ml . jDiamond-Stanic & Rieke (201^ 
investigated possible destruction of PAH grains by AGN- 
driven shocks as X-ray heating was shown not to b e 
as important as shock excitation (iRoussel et al.ll2007[ ). 
While the effects of AGN-driven shocks on the observed 
PAH emission are complex and uncertain, one possible 
effect is that shocks leave uneven structures in the surviv- 
ing dust grains t hat do not contribute to t h e PAH emis- 
sion. However, iDiamond-Stanic fc Riekd (|2010D noted 
that the molecules responsible for the 11.3/j,m feature are 
not strongly suppressed by shocks, and this can explain 
t he observed lower Lj.r^m/Lii.SA tm ratios. 

IDiamond-Stanic fc Rieki (|2010f) also found that AGN- 
dominated sources (the nuclei of local Seyfert galaxies) 
with low L7.7^ni/Lii.3^m ratios have strong H2 emis- 
sion (H2 S(3) rotational line at 9.67/xm) indicating the 
prese nce of shockfl T his is consistent w i th obs ervations 
of Rousselet all (|2007f ) and lSmithet all (I2007D who ob- 
serve stronger H2 emission and lower Ly.Tuni/Lii.ayLtm 
ratios in local galaxies with AGN from SINGS. We do 
not have many sources with detected H2 emission in the 
9.67//m line (10/65 galaxies have H2 flux detections at > 
Scr). This suggests that, if shocks are present, they may 
not be strong enough to modify the short-to-long PAH 
ratios observed or to produce strong emission in this H2 
line. 

As our sample has the highest median redshift (zmRd 
= 0.28) of oth er recent studies ([O'Dowd et all I200a 
IWu et all 120101 Zmed = 0.08 and z,ned = 0.144, respec- 
tively) we view more integrated light from a galaxy and 
this may result in a significant difference not associated 
with the effects of an AGN. The discussion above only 
takes into account the differences seen between active 
galaxies and SF galaxies in short-to-long PAH ratios. As 
[O'Dowd et al. (200^ discuss, the age and evolution of 
metallicity in a galaxy can also have an effect on the 
observed short-to-long PAH ratios. 

^ refer to lDiamond-Stanic fc Riekd I I2010I) for further description 
of other studies with similar results 
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Figure 16. The IRS mid-IR spectra of three non-IRAGN galaxies 
in our IRS sample with excess [O IV] emission and no other indica- 
tions of an AGN. The continuous spectrum of each galaxy is shown, 
but split to better show the spectrum and excess [O IV] emission. 
Note range of y-axis differs from left to right panel for each spec- 
trum. The open circles are the measured flux densities from the 
Spitzer IRS data observations with error bars representing the un- 
certainties in those measurements and the green line represents the 
best fit from spectral decomposition of PAHFIT. All three galaxies 
show clear emission from [O IV] at 25.9/jm. 

6.4. Galaxies with Excess [O IV] X25.9fim Emission 

Eight galaxies in our IRS sample show unusually high 
[O IV] emission relative to their PAH luminosities (figure 
[12[) . including three galaxies classified as non-IRAGNs 
(IDs 6, 50, and 55). The excess [O IV] indicates the 
presence of a hard ionizing field, mostly likely from an 
AGN that is otherwise undetected in the IR. Here we 
discuss these "[O IV]-excess" objects in detail. 

Figure [T6| shows the IRS spectra of all three galaxies 
(IDs 6, 50, and 55). Both galaxies IDs 6 and 50 have 
spectra similar to the IRAGN composite spectrum (figure 
^ and the spectra of the other IRAGN (figure [4|) , in our 
sample. In contrast, galaxy ID 55 has an IRS spectrum 
more characteristic of the other non-IRAGN (see figures 
[land[5l). 

We looked for other indications of obscured AGN in 
the optical spectroscopy (see figure [l7|) of galaxy IDs 6 
and 50, both of which have optical spectra from AGES 
(galaxy I D 55 lies in the FL S and has optical spec- 
tra from iPapovich et al.l 120061 but the spectral cover- 
age does not extend to Ha and [N II]). We show the 
portion of the optical spectrum covering the emission 
lines of [O III] A5007A, H/3 A486lA, [N II] A6583A, and 
Ha A6563A. The optical spectra of all three galaxies 
(IDs 6, 50, and 55) are typical of star-forming galax- 
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Figure 17. The optical spectra of three non-IRAGN galaxies 
in our IRS sample with excess [O IV] emission and no other in- 
dications of an AGN. Galaxy IDs 6 and 50 are optical spectra 
from AGE S. Galaxy 55 is f rom t he FLS and has an optical spec- 
trum from [Papovich et al.l II2006I ). The emission lines of [O III] 
A5007A, H/3 A4861A, [N II] A6583A, and Ha A6563A have been 
marked to indicate the atomic lines used for op tical classification of 
galaxies as star-fo rming, composite, or AGN l IKewlev et al.|[2001l ; 
IKauffmann et £11120031 ^. The redshifts listed for each galaxy are 
the given optical redshifts from AGES (see table [21 . 

ies, and therefore the AGN in these galaxies must be 
very obscured. Using an optical BPT classification 
(jKewlev et al.ll200 It IKauffmann et 311120031 ) of the galax- 
ies, the galaxies would likely be classified as either star- 
forming or composite sources. Galaxy ID 50 has all four 
emission lines used for optical classification and is the 
most likely source showing any indication of an AGN 
being present in its optical spectrum. 

Of the three non-IRAGN with unusually high [O IV] 
emission (figure [T^l bottom panel), galaxy IDs 6 and 50 
both have low Lpah/Llir ratios, and are quite similar to 
the values observed in the IRAGN. Galaxy ID 55 has one 
of the highest Lpah/Llir ratios in the entire IRS sample. 
As expected, galaxy IDs 6 and 50 both have low [Ne II 
luminosities similar to the five IRAGN with high [O IV 
emission (and most of the IRAGN, shown in figure [T^ . 
Further evidence for galaxy IDs 6 and 50 being obscured 
AGN may be seen in that they have optical colors and 
magnitudes located in the "green valley" , similar to the 
other IRAGN. Furthermore, galaxy No. 55 is about the 
same as the median value of the non-IRAGN subsample's 
[Ne II] luminosity (refer to table |3] for fitted flux values). 
Therefore, galaxy ID 55 is clearly a candidate for an IR- 
luminous galaxy with a deeply obscured AGN that is 
otherwise undetected. Further studies of these galaxies 



would allow for tests of galaxies with deeply obscured 
AGN, including multi- wavelength observations. 

7. CONCLUSIONS 

We have studied a sample of 65 galaxies with spec- 
troscopic redshifts of 0.02 < z < 0.6 using Spitzer IRS 
mid-IR spectroscopy, combined with Spitzer imaging and 
ground-based observations that have fiux densities of 
/^(24/im) > 1.2 mJy. The galaxies have a total IR lu- 
minosity from ^ 10^°Lq to more than IO-'^^Lq, with a 
median of S.OxlO^^L©, which we estimate using the ob- 
served MIPS 24 fiui d ata (and 70 a n d 160 /im when avail- 
able) combined with iRieke et al.l (|2009D IR SED tem- 
plates. 

We use an IRAC color-color selection (jStern et al.l 
[2001 ) to identify IRAGN and non-IRAGN for galaxies 
in our sample. Our sample includes a wide range of IR- 
luminous galaxies at redshifts where such galaxies dom- 
inate the cosmic IR-luminosity density and SFR-density 
and they therefore provide insight into the physical pro- 
cesses within these galaxies. 

We have shown the measured PAH emission can con- 
tribute 11% (75th percentile) or more of the total IR 
luminosity and half that or slightly more can come from 
the 7.7/im feature alone, for either the non-IRAGN or 
IRAGN. The detection frequency of PAH emission (for 
all features) in the non-IRAGN sample is uniformly more 
than twice that for IRAGN, except for the 11.3/im fea- 
ture which is detected only about 1.5 times more fre- 
quently in non-IRAGN. 

We do not see a significant difference between IRAGN 
galaxies and non-IRAGN galaxies for short-to-long PAH 
ratios (namely the 7.7/im-to-11.3/.tm ratio versus the 
[Ne III]/[Ne II] ratio) in contrast t o other s tudies 
(|Smith et al.ll2007t[O^wd et al .1120091: 1 Wu et al.l[201Q') . 
However, the sample galaxies used by these other stud- 
ies include more nearby galaxies, where the IRS slit en- 
compasses only the nuclear emission. In our sample, 
the IRS slit contains more of the integrated emission 
from the galaxy. The data used by these other stud- 
ies are therefore more sensitive to the destruction of 
smaller grains from AGN-driven shocks that lower the 
emission of shor ter wavelength PAH features (6 .2/j,m and 
7.7/im features. iDiamond-Stanic fc Riekd [20100 . We in- 
vestigated this by using the H2 S(3) rotational line (at 
9.67/im) and found that none of our galaxies had strong 
H2 emission. In fact, we did not have many detections of 
H2 emission (only 10 of 65 galaxies have H2 flux detec- 
tions at > 3a) for our sample. This result suggests that 
if shocks are present in the members of our sample they 
are not strong enough to dramatically alter the observed 
short-to-long PAH ratios. 

The PAH emission correlates very tightly with the 
[Ne II] emission. We conclude that both processes cor- 
relate with the total SFR, implying that we can use 
the PAH emission to estimate the contribution of star- 
formation to the total IR luminosity in the IRAGN. As 
expected for the IRAGN, the dominant source of IR lumi- 
nosity comes from the AGN. In fact, wc flnd only about 
10%-50% of the contribution comes from star-formation 
for most of the IRAGN in our sample. The IRAGN have 
lower [Ne II] emission indicating that the presence of an 
AGN does not require strong star-formation, and/or that 
the presence of an AGN suppresses star-formation. The 
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PAH emission docs not correlate as well with [O IV] emis- 
sion, which is more sensitive to the ionization radiation 
from the AGN. At a basic level, this shows that AGN 
do not increase PAH emission. We do identify a pop- 
ulation of galaxies with low PAH emission and excess 
[O IV] emission, indicative of heavily-obscured AGN. Of 
the eight galaxies with excess [O IV] emission, three are 
non-IRAGN, with no other indications of AGN from their 
IRAC colors or optical spectroscopy. Nonetheless, two of 
these three have suppressed PAH features indicating they 
have obscured AGN; the third shows no such effects, and 
its AGN may be very strongly obscured. 

Investigating the color-magnitude relation, the IRAGN 
span the full range of {u — r)o.i colors as do the non- 
IRAGN for the full sample of IR-luminous galaxies. The 
optical colors of the IRAGN are more consistent with the 
distribution of other AGN samples, mostly populating 
the top of the st ar-forming blue sequence to the red se - 
quence (see, e.g.. lNandra et al. 11200 TtlWeiner et al.ll2007[ ). 
Because no significant difference is seen between IRAGN 
and non-IRAGN, it is unclear if the presence of an AGN 
is driving redder {u — r)o.i colors in the IRAGN of IR lu- 
minous galaxies. Moreover, most of the IRAGN have 
lower star-formation (because they show weak [Nc II] 
emission). Therefore, star- formation is not a necessary 
component for an AGN to persist. 
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ID 


AOR 


R.A. 


Dec. 


z(opt) 


z(IRS) 


f(24/im) 
[mJy] 


f(70/i.m) 
[mJy] 


f(160/i.m) 
[mJy] 


L(IR)r 

[10i"Lo] 


AGN 


1 


14127872 


14h25m00.18s 


+32d59m50.0s 


0.296 


0.304 


4.97 ± 0.02 


60.7 ± 1.09 




31.9 




2 


21757184 


141i25m27.91s 


+33d47m47.0s 


0.509 


0.516 


5.38 ± 0.02 


17.4 ± 1.38 




94.6 


Y 


3 


14129920 


141i25m44.96s 


+33d37m05.0s 


0.321 


0.344 


3.01 ± 0.01 






24.8 


Y 


4 


14087680 


141i25m52.68s 


+34d02m40.1s 


0.562 


0.565 


11.36 ± 0.02 


258.2 ± 1.03 


413.0 ± 1.12 


268. 


Y 


5 


14133248 


141i26m07.93s 


+34d50m45.0s 


0.405 


0.407 


2.77 ± 0.01 


47.5 ± 1.09 


143.9 ± 1.21 


39.0 




6 


14133504 


141i26ml8.65s 


+34d57m03.0s 


0.418 


0.415 


1.58 ± 0.01 






35.8 




7 


14084352 


14h26m23.88s 


+32d44m35.8s 


0.171 


0.173 


12.17 ± 0.02 


304.1 ± 1.03 


474.2 ± 1.04 


31.1 


Y 


8 


14126080 


14h26m59.13s 


+33d33m05.0s 


0.150 


0.150 


16.12 ± 0.19 


178.6 ± 1.25 




22.9 




9 


21758464 


14h27m44.37s 


+34d29m08.2s 


0.365 


0.365 


1.56 ± 0.01 


109.4 ± 1.06 


234.4 ± 1.12 


59.1 




10 


21758208 


141i27m50.32s 


+35d04m51.2s 


0.211 


0.210 


4.82 ± 0.01 


87.1 ± 1.07 


206.1 ± 1.15 


17.2 




11 


14132480 


14h28ml9.51s 


+33d51m50.0s 


0.488 


0.490 


1.70 ± 0.01 


22.3 ± 1.24 


101.9 ± 1.24 


53.4 




12 


14132992 


14h28ml9.57s 


+34d23m34.0s 


0.474 


0.493 


2.05 ± 0.01 


18.9 ± 1.22 




54.0 


Y 


13 


14086144 


14h28m49.79s 


+34d32m40.2s 


0.216 


0.218 


8.09 ± 0.03 


253.5 ± 1.04 


598.4 ± 1.06 


47.5 




14 


14132736 


141i29ml9.77s 


+34dl5m06.0s 


0.424 


0.425 


1.64 ± 0.01 


23.3 ± 1.16 


92.7 ± 1.26 


37.9 




15 


14132224 


14h29m35.97s 


+33d37ml3.0s 


0.419 


0.422 


1.90 ± 0.01 


33.3 ± 1.17 


131.8 ± 1.20 


38.8 




16 


21758720 


14h29m50.66s 


+35d08m42.7s 


0.366 


0.380 


5.87 ± 0.01 


19.2 ± 1.25 




53.8 


Y 


17 


21755648 


141i29m51.38s 


+32d50m36.0s 


0.270 


0.268 


3.39 ± 0.01 


19.1 ± 1.22 




16.8 


Y 


18 


14129408 


141i30m00.39s 


+35d38ml4.0s 


0.240 


0.240 


9.11 ± 0.02 


125.3 ± 1.06 


146.9 ± 1.15 


28.0 




19 


21756672 


141i30ml9.82s 


+33d40m47.2s 


0.231 


0.233 


2.62 ± 0.01 


44.9 ± 1.15 


97.3 ± 1.21 


11.4 




20 


14082304 


141i30m24.46s 


+32d56ml6.4s 


0.042 


0.042 


36.68 ± 0.15 


483.1 ± 1.04 


824.1 ± 1.08 


4.56 




21 


14086400 


141i31ml4.77s 


+33d46m23.0s 


0.230 


0.231 


4.53 ± 0.03 


153.5 ± 1.09 


347.5 ± 1.07 


31.1 




22 


14081792 


141i31ml9.76s 


+35d34ml8.0s 


0.034 


0.036 


33.58 ± 0.11 


537.0 ± 1.03 


691.8 ± 1.06 


3.11 




23 


14082048 


141i31m21.12s 


+35d37m21.8s 


0.035 


0.036 


33.18 ± 0.46 


1318.3 ± 1.04 


2779.7 ± 1.04 


11.4 




24 


14130432 


141i31m21.88s 


+34d40m46.0s 


0.348 


0.354 


3.19 ± 0.01 


17.1 ± 1.20 




27.4 


Y 


25 


14080768 


141i31m25.43s 


+33dl3m49.7s 


0.022 


0.022 


33.98 ± 0.54 


794.3 ± 1.06 


1011.6 ± 1.07 


2.04 




26 


21756160 


141i31m33.98s 


+33d45ml6.0s 


0.490 


0.494 


2.46 ± 0.01 


22.8 ± 1.22 




54.4 


Y 


27 


14081536 


141i31m56.23s 


+33d38m33.1s 


0.034 


0.035 


29.27 ± 0.50 






1.67 




28 


14083840 


141i32m28.36s 


+34d58m38.8s 


0.129 


0.130 


3.15 ± 0.02 


137.1 ± 1.13 


258.8 ± 1.22 


7.63 




29 


14086912 


141i32m34.90s 


+33d28m32.3s 


0.249 


0.253 


3.85 ± 0.02 


338.8 ± 1.03 


395.4 ± 1.09 


46.6 




30 


14086656 


141i32m39.56s 


+35d01m51.3s 


0.236 


0.237 


10.73 ± 0.02 


236.6 ± 1.03 


349.9 ± 1.07 


42.9 




31 


14131968 


141i32m52.49s 


+33dllm53.0s 


0.401 


0.395 


2.58 ± 0.01 


28.2 ± 1.21 




32.4 




32 


14128128 


141i33m26.18s 


+33d05m58.0s 


0.243 


0.245 


4.28 ± 0.02 


62.1 ± 1.08 


119.4 ± 1.21 


16.6 




33 


21755904 


141i33m33.34s 


+33d09m22.0s 


0.353 


0.356 


2.37 ± 0.01 






24.9 


Y 


34 


21757440 


141i33m42.17s 


+34d56m51.0s 


0.494 


0.494 


2.24 ± 0.01 






54.4 




35 


14083584 


141i34m45.32s 


+33dl3m46.1s 


0.073 


0.075 


14.46 ± 0.03 


288.4 ± 1.03 


485.3 ± 1.08 


7.01 




36 


14130176 


141i34m53.85s 


+34d27m44.0s 


0.329 


0.324 


3.56 ± 0.01 


29.4 ± 1.15 




25.5 




37 


21756416 


141i35m00.65s 


+33d29m23.0s 


0.274 


0.285 


2.61 ± 0.01 


70.0 ± 1.08 


140.6 ± 1.16 


20.1 




38 


14081024 


141i35ml8.21s 


+35d07m08.3s 




0.029 


169.23 ± 3.72 


3926.4 ± 1.04 


5571.9 ± 1.04 


19.7 




39 


14130688 


141i35ml9.42s 


+35d36m22.0s 


0.316 


0.318 


2.92 ± 0.01 


26.5 ± 1.24 




20.8 


Y 


40 


21758976 


141i35m35.47s 


+33d25m44.4s 


0.244 


0.251 


6.07 ± 0.02 


104.2 ± 1.06 


145.5 ± 1.18 


24.9 




41 


14134272 


141i36m06.84s 


+35d09m27.0s 


0.525 


0.525 


1.22 ± 0.01 


21.0 ± 1.22 




63.1 




42 


14125824 


141i36ml9.14s 


+33d29ml7.0s 


0.188 


0.190 


7.07 ± 0.05 






17.8 




43 


14087168 


141i36m28.12s 


+33d33m58.0s 


0.265 


0.269 


10.82 ± 0.03 


223.4 ± 1.04 


267.3 ± 1.11 


51.0 




44 


14128640 


141i36m33.16s 


+33d48m05.0s 


0.218 


0.245 


6.43 ± 0.02 


12.4 ± 1.38 




25.4 


Y 


45 


14129152 


141i36m36.65s 


+34d50m34.0s 


0.279 


0.274 


4.05 ± 0.02 


39.2 ± 1.12 




21.0 




46 


14081280 


141i36m41.23s 


+34d58m24.2s 


0.030 


0.030 


16.75 ± 0.25 






0.84 




47 


14130944 


141i37mll.26s 


+35d40m36.0s 


0.362 


0.362 


3.42 ± 0.02 


223.9 ± 1.04 


236.0 ± 1.16 


64.0 




48 


21757952 


141i37m23.73s 


+35d07m35.0s 


0.579 


0.551 


4.78 ± 0.01 


30.5 ± 1.15 




96.2 




49 


21757696 


141i37m52.92s 


+35d32m51.4s 


0.563 


0.565 


2.36 ± 0.01 


68.7 ± 1.10 


217.3 ± 1.10 


101. 




50 


21756928 


141i38m09.88s 


+35d27m37.8s 


0.204 


0.201 


2.70 ± 0.02 


31.7 ± 1.15 




8.74 




51 


14127104 


171il2m39.64s 


+58d41m48.0s 


0.165 


0.166 


10.06 ± 0.13 






18.3 




52 


14131712 


171il3m08.57s 


+60dl6m21.0s 


0.332 


0.333 


4.65 ± 0.09 


76.2 ± 12.20 




36.7 




53 


14135552 


171il4m27.02s 


+58d38m36.0s 


0.562 


0.565 


1.30 ± 0.06 






75.6 




54 


14127360 


171il4m37.44s 


+59d56m48.1s 


0.196 


0.198 


12.38 ± 0.14 






30.8 




55 


14135808 


171il5m25.74s 


+60d04m24.0s 


0.501 


0.499 


1.34 ± 0.06 






55.8 




56 


14127616 


171il5m42.00s 


+59dl6m57.4s 


0.116 


0.118 


26.78 ± 0.21 






19.7 




57 


14126336 


171il9ml6.60s 


+59d34m49.0s 


0.166 


0.170 


17.06 ± 0.17 


177.5 ± 27.00 




30.2 




58 


14131200 


17h20m25.19s 


+59dl5m03.0s 


0.305 


0.307 


3.28 ± 0.08 






21.3 




59 


14134528 


17h20m46.74s 


+59d22m23.0s 


0.539 


0.526 


1.26 ± 0.06 






63.4 




60 


14134784 


17h21ml7.75s 


+58d51m20.0s 


0.512 


0.493 


1.54 ± 0.06 






54.1 


Y 


61 


14135040 


17h21ml8.31s 


+58d46m01.0s 


0.555 


0.559 


1.22 ± 0.05 






73.5 


Y 


62 


14126592 


17h22m20.27s 


+59d09m49.0s 


0.179 


0.179 


9.66 ± 0.13 


180.4 ± 27.50 




21.3 




63 


14131456 


171i23m48.13s 


+59d01m54.0s 


0.321 


0.324 


4.26 ± 0.09 






29.9 




64 


14126848 


171i24m00.61s 


+59d02m28.0s 


0.178 


0.180 


12.82 ± 0.14 






26.5 




65 


14135296 


171i25m03.37s 


+59dllm09.0s 


0.514 


0.515 


1.30 ± 0.06 






60.2 




Not 


e. — Optical redshifts [zfopt^l arc from the AGES catalog; IKochanek et al.ll2012l) andlPapovich et al. 


{2000) for FLS sources. IRS 


redshifts 


[z(IRS)] arc from the fits as discussed in sectionr4.3l Tli 


c 24um flux densities are from the AGES catalog jKoclianek et al.ll2012l) 


andlPapovich et al.l 


(I2OO6I) for FLS sources and discusse 


d in scctions|3.1|and|3.2| 


The TO^m 


and 160/^m flux 


densities are from MAGES (B. Jannuzi et al., 


in prep) 
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Table 3 

Fitted Fluxes of the Most Prominent PAH Emission Features 



ID 


F6.2 


F7.7 


Fg.e 


F11.3 


F12.7 


F17.0 




[10-1^ 


[lo-i**] 


[10-1^] 


[w-n 


[10-1^] 


[w-n 


1 


4.50 ± 1.45 


2.48 ± 0.41 


19.3 ± 2.30 


0.39 ± 0.54 


6.42 ± 0.56 




2 


0.30 ± 1.47 


0.67 ± 0.72 


0.79 ± 2.67 


1.07 ± 0.75 


1.48 ± 1.14 


1.73 ± 0.54 


3 




0.26 ± 0.22 


1.09 ± 0.75 


0.39 ± 0.15 


0.23 ± 0.33 


0.99 ± 1.55 


4 


7. 4 ± 0.69 


3.31 ± 0.34 


12.2 ± 1.46 


6.97 ± 1.74 


6.65 ± 2.62 


2.57 ± 0.85 


5 


6.37 ± 0.60 


2.12 ± 0.24 


6.92 ± 0.98 


6.49 ± 0.77 


3.49 ± 0.68 


3.19 ± 2.28 


6 


0.58 ± 0.48 


0.30 ± 0.17 


0.78 ± 0.41 


1.02 ± 0.19 


0.12 ± 0.29 


0.74 ± 0.90 


7 


7.5 ± 1.62 


5.58 ± 0.48 


14.6 ± 1.57 


13.5 ± 1.49 


7.30 ± 2.49 


5.12 ± 3.88 


8 


17.2 ± 0.94 


6.45 ± 0.33 


8.0 ± 1.03 


16.6 ± 0.90 


9.28 ± 1.48 


8.38 ± 1.56 


9 


11.4 ± 1.52 


3.46 ± 0.67 


12.4 ± 2.39 


9.90 ± 1.85 


6.50 ± 1.16 


2.11 ± 0.66 


10 


7.48 ± 5.79 


2.34 ± 0.79 


7.76 ± 2.03 


7.95 ± 2.16 


7.84 ± 2.58 


6.69 ± 3.23 


11 


7.01 ± 0.68 


2.34 ± 0.23 


7.49 ± 1.23 


6.61 ± 0.82 


4.50 ± 0.51 


2.14 ± 1.79 


12 


0.88 ± 0.54 


0.56 ± 0.23 


1.27 ± 0.78 


0.70 ± 0.40 


0.46 ± 0.17 


0.11 ± 0.27 


13 


26.7 ± 1.01 


9.80 ± 0.51 


29.2 ± 1.68 


23.8 ± 1.75 


14.8 ± 1.53 


8.19 ± 3.29 


14 


4.45 ± 0.68 


1.31 ± 0.27 


4.98 ± 1.37 


7.59 ± 1.20 


1.63 ± 0.87 


2.62 ± 2.14 


15 


5.12 ± 0.70 


1.75 ± 0.28 


5.69 ± 1.09 


4.95 ± 0.77 


3.76 ± 0.71 


2.26 ± 1.94 


16 


1.42 ± 1.69 


0.16 ± 0.74 


0.95 ± 2.01 


2.15 ± 1.67 


1.80 ± 1.72 


1.28 ± 0.85 


17 


2.07 ± 3.19 


0.59 ± 0.54 


2.28 ± 2.02 


2.10 ± 1.13 


1.14 ± 1.42 


1.73 ± 2.26 


18 


9.08 ± 0.91 


2.60 ± 0.34 


10.1 ± 1.05 


8.75 ± 0.85 


3.96 ± 0.71 


6.74 ± 1.14 


19 


1.76 ± 1.61 


0.76 ± 0.43 


2.23 ± 1.31 


2.44 ± 1.12 


1.55 ± 1.14 


0.91 ± 0.60 


20 


28.6 ± 0.77 


9.29 ± 0.37 


28.8 ± 1.08 


26.3 ± 0.86 


16.1 ± 0.91 


18.1 ± 1.51 


21 


10.8 ± 0.69 


3.88 ± 0.33 


21.4 ± 1.22 


10.9 ± 1.24 


5.57 ± 1.18 


2.99 ± 2.42 


22 


43.1 ± 0.87 


15.7 ± 0.36 


223.1 ± 1.08 


42.6 ± 0.76 


24.9 ± 1.14 


30.0 ± 1.75 


23 


81.0 ± 1.51 


30.9 ± 0.49 


79.6 ± 1.82 


231.3 ± 1.39 


38.4 ± 1.32 


58.1 ± 2.25 


24 


1.18 ± 0.71 


0.60 ± 0.28 


2.40 ± 0.98 


1.39 ± 0.40 


0.47 ± 0.16 


0.74 ± 1.87 


25 


22.1 ± 0.90 


7.34 ± 0.40 


21.8 ± 0.87 


21.8 ± 0.64 


9.89 ± 0.89 


256.8 ±25.17 


26 


3.43 ± 1.00 


1.22 ± 0.31 


3.85 ± 1.00 


3.43 ± 0.66 


2.65 ± 1.16 


1.96 ± 1.50 


27 


27.2 ± 0.88 


10.7 ± 0.35 


37.7 ± 1.10 


30.1 ± 0.86 


16.1 ± 1.06 


270.9 ± 1.76 


28 


7.17 ± 0.67 


2.65 ± 0.22 


7.75 ± 0.66 


7.86 ± 0.60 


5.62 ± 0.59 


5.78 ± 1.02 


29 


5.88 ± 0.51 


2.60 ± 0.19 


8.07 ± 0.64 


6.09 ± 0.69 


2.15 ± 0.39 


3.41 ± 1.03 


30 


11.9 ± 0.76 


4.33 ± 0.41 


16.1 ± 1.25 


14.4 ± 1.24 


8.55 ± 0.98 


5.06 ± 2.62 


31 


1.81 ± 0.66 


0.54 ± 0.12 


1.84 ± 0.78 


3.01 ± 0.49 


0.83 ± 0.55 


3.19 ± 1.54 


32 


5.40 ± 0.91 


1.47 ± 0.40 


5.83 ± 1.08 


6.79 ± 0.80 


2.90 ± 0.60 


2.60 ± 0.95 


33 


0.89 ± 0.52 


0.32 ± 0.08 


1.23 ± 0.66 


0.82 ± 0.52 


0.76 ± 0.84 


1.11 ± 0.66 


34 


0.55 ± 0.47 


0.31 ± 0.18 


1.50 ± 0.85 


0.45 ± 0.67 


0.84 ± 1.20 


0.25 ± 0.27 


35 


10.6 ± 1.06 


3.84 ± 0.40 


12.2 ± 1.22 


13.7 ± 1.00 


7.25 ± 1.01 


12.7 ± 2.08 


36 


1.61 ± 1.13 


0.63 ± 0.17 


1.88 ± 0.82 


2.08 ± 0.52 


1.49 ± 0.51 


0.37 ± 0.53 


37 


1.96 ± 0.68 


1.07 ± 0.16 


2.83 ± 0.67 


3.24 ± 0.88 


2.85 ± 0.84 


0.27 ± 0.33 


38 


61.5 ± 0.89 


385.5 ± 0.43 


66.5 ± 1.22 


77.2 ± 1.04 


39.6 ± 1.18 


173. ± 4.74 


39 


1.67 ± 1.03 


0.79 ± 0.29 


2.71 ± 1.16 


1.74 ± 0.64 


1.28 ± 0.37 


2.01 ± 2.61 


40 


7.97 ± 3.22 


2.41 ± 0.71 


7.85 ± 2.82 


6.70 ± 2.50 


5.25 ± 2.36 


5.57 ± 8.23 


41 


1.67 ± 0.42 


0.60 ± 0.19 


2.06 ± 0.88 


3.71 ± 0.43 


2.56 ± 0.73 


2.24 ± 1.75 


42 


7.96 ± 1.22 


2.37 ± 0.27 


7.35 ± 1.15 


4.79 ± 1.12 


9.65 ± 0.37 


7.60 ± 1.54 


43 


10.1 ± 0.96 


4.13 ± 0.35 


10.7 ± 1.14 


7.72 ± 1.43 


5.83 ± 1.64 


4.68 ± 2.36 


44 


0.80 ± 0.84 


0.68 ± 0.34 


0.55 ± 0.83 


2.19 ± 0.39 


0.24 ± 0.13 


0.01 ± 0.42 


45 


2.81 ± 1.01 


0.90 ± 0.34 


3.45 ± 0.97 


3.30 ± 0.49 


0.44 ± 0.50 


0.91 ± 0.67 


46 


17.4 ± 0.79 


6.54 ± 0.40 


20.8 ± 1.01 


20.3 ± 0.93 


10.0 ± 0.83 


21.9 ± 1.85 


47 


3.97 ± 1.37 


1.66 ± 0.54 


7.86 ± 2.36 


6.19 ± 2.01 


1.31 ± 0.90 


1.94 ± 2.02 


48 


0.47 ± 0.73 


0.05 ± 0.14 


0.60 ± 1.57 




0.40 ± 0.96 


1.09 ± 1.18 


49 


4.19 ± 0.39 


1.83 ± 0.18 


4.64 ± 0.74 


4.81 i' 1.10 


3.28 ± 1.40 


1.51 ± 1.32 


50 


0.37 ± 7.50 


0.37 ± 0.20 


1.90 ± 1.51 


2.01 ± 1.56 


0.78 ± 1.17 


0.91 ± 1.36 


51 


18.2 ± 1.36 


6.27 ± 0.33 


21.5 ± 1.00 


19.3 ± 0.98 


12.2 ± 0.58 


6.54 ± 0.75 


52 


9.22 ± 0.80 


2.83 ± 0.29 


10.0 ± 1.26 


9.88 ± 0.61 


4.36 ± 0.63 


5.59 ± 0.79 


53 


2.66 ± 1.12 


0.97 ± 0.40 


2.92 ± 1.56 


3.62 ± 1.78 


1.46 ± 1.49 


1.33 ± 0.89 


54 


5.86 ± 0.88 


2.16 ± 0.28 


5.94 ± 0.79 


6.65 ± 0.77 


5.25 ± 1.13 


1.19 ± 0.49 


55 


3.73 ± 0.56 


1.08 ± 0.24 


3.54 ± 1.00 


5.52 ± 0.97 


2.01 ± 0.55 


2.86 ± 2.47 


56 


44.3 ± 5.43 


8.94 ± 1.77 


28.6 ± 5.48 


29.0 ± 5.00 


20.8 ± 3.42 


16.9 ± 4.31 


57 


16.0 ± 4.62 


4.44 ± 0.71 


11.3 ± 2.86 


8.66 ± 3.22 


5.01 ± 1.34 


1.37 ± 0.61 


58 


6.92 ± 0.60 


2.20 ± 0.26 


7.06 ± 0.87 


8.03 ± 0.77 


4.40 ± 0.49 


3.69 ± 2.28 


59 


0.65 ± 0.57 


0.24 ± 0.22 


1.43 ± 0.99 


0.32 ± 0.34 


0.31 ± 0.34 


1.48 ± 0.83 


60 


1.04 ± 0.51 


0.35 ± 0.09 


1.42 ± 0.49 


1.04 ± 0.22 


0.83 ± 0.72 


2.13 ± 0.88 


61 


1.50 ± 0.43 


0.60 ± 0.20 


2.67 ± 0.79 


1.11 ± 0.27 


0.09 ± 0.47 


0.41 ± 0.54 


62 


9.76 ± 1.21 


3.45 ± 0.31 


11.3 ± 0.95 


13.0 ± 0.92 


6.90 ± 0.49 


4.58 ± 0.67 


63 


4.87 ± 0.66 


1.67 ± 0.18 


5.24 ± 0.62 


4.39 ± 0.39 


3.20 ± 0.49 


1.85 ± 0.82 


64 


9.25 ± 1.76 


3.14 ± 0.40 


8.46 ± 1.31 


11.5 ± 1.26 


4.78 ± 1.26 


4.92 ± 2.03 


65 


3.85 ± 0.56 


1.14 ± 0.20 


3.90 ± 1.09 


3.05 ± 0.63 


0.44 ± 0.16 


2.16 ± 1.65 



Note. — Integrated fluxes in W/m^ from PAHFIT spectral decomposition for the PAH 
Emission features. Values given as (...) do not have a measured flux from PAHFIT spectral 
decomposition. 
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Table 4 

Fitted Fluxes of the Most Prominent Atomic Emission Lines 



ID 


F[NcII] 


F[NgIII] 


[10-1^] 


F[H2S(3)1 




[io-i«] 


[io-i«] 


[io-i»] 


1 


8.84 ± 1.25 


10.6 ± 1.30 


1.52 ± 4.16 


24.5 ± 20.9 


2 






1.75 ± 0.49 


3.15 ± 3.68 


3 


2.25 ± 0.70 






0.52 ± 1.23 


4 


15.0 ± 3.55 


3.56 ± 4.51 


2.17 ± 0.59 


9.78 ± 5.04 


5 


11.2 ± 1.04 


1.33 ± 3.02 




1.62 ± 1.57 


6 


3.03 ± 0.76 


0.17 ± 2.81 


14.9 ± 5.49 


0.02 ± 1.19 


7 


26.0 ± 2.75 


4.24 ± 2.33 


7.54 ± 2.23 


46.1 ± 9.36 


8 


22.6 ± 2.07 


12.0 ± 1.68 




0.48 ± 1.17 


9 


14.5 ± 2.96 


1.52 ± 3.35 


1.70 ± 5.54 


5.09 ± 4.81 


10 


14.0 ± 3.53 


3.33 ± 4.20 




3.40 ± 4.24 


11 


7.65 ± 1.24 




1.25 ± 0.36 


2.81 ± 1.66 


12 






0.81 ± 0.23 


0.39 ± 0.70 


13 


25.2 ± 2.18 


2.69 ± 2.36 


5.97 ± 3.18 


6.04 ± 3.00 


14 


6.46 ± 1.00 


3.23 ± 3.01 




6.61 ± 5.54 


15 


5.74 ± 1.01 






0.93 ± 1.85 


16 


2.49 ± 3.30 


2.75 ± 5.95 


23.2 ± 7.35 


1.70 ± 3.21 


17 


3.37 ± 1.76 


2.85 ± 2.14 




0.77 ± 4.28 


18 


17.7 ± 0.86 


6.50 ± 0.91 


2.24 ± 2.44 


7.11 ± 2.98 


19 


1.05 ± 1.08 


0.87 ± 1.64 




0.32 ± 2.08 


20 


51.3 ± 1.41 


9.63 ± 1.94 


2.30 ± 1.48 


3.77 ± 1.19 


21 


16.3 ± 1.70 


1.15 ± 4.65 


1.04 ± 1.71 


2.10 ± 2.06 


22 


226.8 ± 1.73 


11.5 ± 1.63 


4.82 ± 16.5 


8.08 ± 1.29 


23 


235.8 ± 1.95 


13.1 ± 1.68 


11.6 ± 1.45 


13.4 ± 3.34 


24 


1.33 ± 0.67 


8.98 ± 1.50 


6.43 ± 4.13 


1.19 ± 1.76 


25 


25.8 ±25.25 


42.9 ±25.34 




25.99 ±25.25 


26 


3.13 ± 1.46 


0.89 ± 1.18 


20.8 ± 0.67 


0.62 ± 1.27 


27 


35.3 ± 1.67 


8.80 ± 1.45 


2.19 ± 1.61 


7.71 ± 1.56 


28 


28.11 ± 0.96 


0.91 ± 0.77 


2.60 ± 0.69 


1.66 ± 1.51 


29 


9.12 ± 0.97 


0.99 ± 0.91 


1.04 ± 1.29 


9.11 ± 2.84 


30 


27.4 ± 2.43 


7.72 ± 2.65 




17.1 ± 3.86 


31 


2.65 ± 0.75 


1.17 ± 2.78 




3.83 ± 5.45 


32 


9.22 ± 0.90 


2.27 ± 0.70 




1.13 ± 1.74 


33 


1.99 ± 1.14 


9.76 ± 40.0 


3.06 ± 2.65 


0.40 ± 1.32 


34 


0.58 ± 1.55 


0.52 ± 1.40 


0.52 ± 0.15 


1.76 ± 1.98 


35 


16.7 ± 1.36 


2.78 ± 1.51 


1.68 ± 1.88 


3.60 ± 2.64 


36 


3.35 ± 0.60 


0.26 ± 0.87 


1.91 ± 2.85 


0.49 ± 3.05 


37 




1.66 ± 1.51 


0.51 ± 1.63 




38 


86.2 ± 1.69 


60.7 ± 3.56 


12.4 ± 5.60 


10.5 ± 1.40 


39 


1.99 ± 0.75 


1.36 ± 1.01 


2.52 ± 7.10 


4.18 ± 4.63 


40 


6.87 ± 3.45 


2.37 ± 3.43 


3.17 ± 3.98 


2.99 ± 6.70 


41 


6.07 ± 1.26 


3.24 ± 1.87 


0.50 ± 0.14 


3.08 ± 0.99 


42 


42.4 ± 1.18 


5.81 ± 0.94 




3.48 ± 2.45 


43 


24.3 ± 2.38 


4.42 ± 2.69 




4.72 ± 2.74 


44 


0.65 ± 0.62 


2.44 ± 0.74 




1.02 ± 1.92 


45 


6.30 ± 0.70 




2.90 ± 1.13 


0.23 ± 1.42 


46 


20.1 ± 1.16 


4.73 ± 1.29 


1.28 ±46.27 


46.71 ± 1.32 


47 


7.03 ± 1.30 


2.10 ± 2.71 


2.43 ± 5.68 


14.0 ± 20.8 


48 


0.46 ± 4.35 


0.51 ± 4.18 


0.69 ± 0.19 


13.3 ± 22.0 


49 


6.70 ± 1.90 


2.56 ± 1.31 


1.06 ± 0.29 


1.95 ± 1.57 


50 


2.18 ± 1.50 


0.96 ± 1.58 


2.98 ± 1.86 


2.49 ± 3.60 


51 


51.1 ± 0.80 


7.58 ± 0.68 


1.76 ± 1.31 


4.08 ± 1.29 


52 


11.8 ± 0.98 


6.27 ± 1.02 


5.50 ± 1.14 


5.18 ± 3.71 


53 


1.53 ± 1.79 


6.88 ± 3.58 


0.68 ± 0.19 


1.29 ± 2.55 


54 


12.4 ± 1.51 


11.6 ± 1.71 


4.18 ± 1.33 


1.11 ± 1.26 


55 


8.55 ± 1.32 




64.4 ± 18.3 


1.82 ± 2.39 


56 


36.9 ± 3.98 


9.21 ± 2.81 




10.2 ± 11.4 


57 


9.29 ± 1.65 


6.66 ± 1.44 




17.3 ± 12.4 


58 


13.0 ± 0.87 


4.23 ± 1.06 


3.16 ± 2.89 


0.94 ± 1.17 


59 




0.36 ± 1.39 


0.43 ± 0.12 


1.18 ± 0.78 


60 


0.93 ± 0.62 


0.61 ± 1.42 


22.4 ± 5.32 


0.42 ± 0.71 


61 


0.56 ± 0.55 




0.56 ± 0.15 


0.19 ± 0.36 


62 


13.9 ± 0.61 


2.05 ± 0.45 


5.89 ± 1.07 


3.40 ± 1.48 


63 


7.29 ± 0.65 


1.84 ± 0.48 


1.80 ± 1.05 


1.16 ± 0.98 


64 


19.9 ± 1.60 


2.96 ± 1.38 




6.93 ± 3.25 


65 


7.76 ± 0.93 




0.61 ± 0.17 


3.18 ± 2.48 



Note. — Integrated fluxes in W/m^ from PAHFIT spectral de- 
composition for tlie atomic emission lines. Values given as (...) do 
not have a measured flux from PAHFIT spectral decomposition. 
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Table 5 

Equivalent Widths for Various PAH Emission Features 



ID 


EW6.2 


EW7.7 


EW8.6 


EW11.3 


1 


1.96 ± 0.22 


4.46 ± 0.20 


3.99 ± 0.11 


0.07 ± 0.01 


2 


0.02 ± 0.03 


0.41 ± 0.12 


0.05 ± 0.04 


0.09 ± 0.02 


3 


0.02 ± 0.07 


0.60 ± 0.22 


0.27 ± 0.05 


0.10 ± 0.01 


4 


0.36 ± 0.03 


1.76 ± 0.11 


0.76 ± 0.05 


0.52 ± 0.04 


5 


2.57 ± 1.67 


7.03 ± 1.88 


2.39 ± 0.36 


2.54 ± 0.14 


6 


0.56 ± 2.56 


2.58 ± 1.51 


0.64 ± 0.51 


0.64 ± 0.09 


7 


0.33 ± 0.02 


2.23 ± 0.12 


0.91 ± 0.05 


1.42 ± 0.09 


8 


1.81 ± 0.11 


5.99 ± 0.30 


1.65 ± 0.06 


1.54 ± 0.03 


9 


2.39 ± 1.30 


6.09 ± 1.72 


2.33 ± 0.46 


2.34 ± 0.25 


10 


1.25 ± 0.48 


3.63 ± 0.98 


1.43 ± 0.30 


2.23 ± 0.29 


11 


5.98 ± 0.65 


9.76 ± 0.90 


2.62 ± 0.20 


2.11 ± 0.11 


12 


0.14 ± 0.03 


1.09 ± 0.10 


0.26 ± 0.04 


0.17 ± 0.02 


13 


1.72 ± 0.14 


6.84 ± 0.66 


2.55 ± 0.17 


2.93 ± 0.08 


14 


1.69 ± 0.73 


4.08 ± 0.95 


1.96 ± 0.36 


4.03 ± 0.40 


15 


2.19 ± 4.17 


6.45 ± 3.07 


2.21 ± 0.50 


2.37 ± 0.17 


16 


0.10 ± 0.05 


0.47 ± 0.10 


0.07 ± 0.04 


0.20 ± 0.03 


17 


2.12 ± 1.68 


2.63 ± 0.98 


0.84 ± 0.31 


0.53 ± 0.10 


18 


0.71 ± 0.06 


1.72 ± 0.10 


0.82 ± 0.04 


0.98 ± 0.03 


19 


0.91 ± 64.86 


4.04 ± 60.40 


1.38 ± 5.30 


1.68 ± 0.62 


20 


1.90 ± 0.20 


5.43 ± 0.28 


1.71 ± 0.04 


1.75 ± 0.12 


21 


1.42 ± 0.23 


5.73 ± 0.99 


2.23 ± 0.29 


2.67 ± 0.30 


22 


3.28 ± 0.16 


10.27 ± 0.23 


3.01 ± 0.04 


1.91 ± 0.02 


23 


2.75 ± 0.07 


10.80 ± 0.24 


3.14 ± 0.05 


2.55 ± 0.02 


24 


0.08 ± 0.03 


0.68 ± 0.09 


0.35 ± 0.04 


0.30 ± 0.02 


25 


2.10 ± 0.27 


6.26 ± 0.37 


25.87 ± 0.06 


25.86 ± 0.03 


26 


0.65 ± 0.15 


2.60 ± 0.27 


0.85 ± 0.07 


0.84 ± 0.04 


27 


1.91 ± 0.11 


7.41 ± 0.24 


2.40 ± 0.05 


1.51 ± 0.03 


28 


0.93 ± 0.06 


3.64 ± 0.31 


1.41 ± 0.08 


2.35 ± 0.10 


29 


1.23 ± 0.09 


5.30 ± 0.36 


2.02 ± 0.13 


1.92 ± 0.12 


30 


0.61 ± 0.03 


2.51 ± 0.15 


1.20 ± 0.06 


1.86 ± 0.06 


31 


0.35 ± 0.66 


1.04 ± 0.90 


0.51 ± 0.27 


1.33 ± 0.14 


32 


0.81 ± 0.36 


2.10 ± 0.51 


0.97 ± 0.12 


1.76 ± 0.09 


33 


0.13 ± 0.03 


0.58 ± 0.08 


0.24 ± 0.04 


0.20 ± 0.02 


34 


0.32 ± 1.20 


2.68 ± 1.06 


1.29 ± 0.30 


0.21 ± 0.06 


35 


0.90 ± 0.07 


3.18 ± 0.24 


1.20 ± 0.07 


1.74 ± 0.05 


36 


0.35 ± 0.36 


1.41 ± 0.61 


0.48 ± 0.17 


0.77 ± 0.10 


37 


2.50 ± 0.63 


6.61 ± 1.26 


1.59 ± 0.31 


1.69 ± 0.24 


38 


1.89 ± 0.06 


7.01 ± 0.16 


1.88 ± 0.03 


38.14 ± 0.01 


39 


0.35 ± 2.53 


2.00 ± 1.93 


0.95 ± 0.54 


0.84 ± 0.13 


40 


6.17 ± 7.58 


8.36 ± 4.45 


2.21 ± 0.88 


1.33 ± 0.23 


41 


0.72 ± 0.32 


2.68 ± 0.56 


1.01 ± 0.18 


3.20 ± 0.25 


42 


2.93 ± 0.61 


7.50 ± 0.97 


2.29 ± 0.22 


1.12 ± 0.14 


43 


1.17 ± 0.11 


4.05 ± 0.30 


1.13 ± 0.06 


0.86 ± 0.05 


44 


0.07 ± 0.06 


0.64 ± 0.30 


0.05 ± 0.13 


0.25 ± 0.02 


45 


0.61 ± 0.26 


1.84 ± 0.39 


0.71 ± 0.10 


0.88 ± 0.05 


46 


2.04 ± 0.33 


7.26 ± 0.67 


2.32 ± 0.13 


1.97 ± 0.14 


47 


1.73 ± 10.84 


5.96 ± 6.75 


4.64 ± 2.36 


4.56 ± 0.69 


48 


0.25 ± 1.00 


0.19 ± 0.47 


0.21 ± 0.26 


0.01 ± 0.06 


49 


2.39 ± 2.13 


13.13 ± 2.43 


3.25 ± 0.43 


2.06 ± 0.22 


50 


0.19 ± 10.89 


1.74 ± 27.35 


0.97 ± 4.52 


1.30 ± 0.45 


51 


2.71 ± 0.51 


7.61 ± 0.39 


2.52 ± 0.09 


2.30 ± 0.04 


52 


0.91 ± 0.08 


2.76 ± 0.38 


1.27 ± 0.11 


2.18 ± 0.17 


53 


1.00 ± 0.37 


2.97 ± 0.58 


0.90 ± 0.15 


1.20 ± 0.10 


54 


1.26 ± 0.10 


4.08 ± 0.25 


1.09 ± 0.06 


1.09 ± 0.04 


55 


2.35 ± 2.39 


4.32 ± 1.61 


1.50 ± 0.33 


2.54 ± 0.26 


56 


2.04 ± 0.49 


4.47 ± 0.68 


1.85 ± 0.21 


2.35 ± 0.14 


57 


1.65 ± 0.35 


3.91 ± 0.52 


1.57 ± 0.57 


0.98 ± 0.10 


58 


4.12 ± 1.17 


8.85 ± 1.27 


2.64 ± 0.27 


2.97 ± 0.15 


59 


0.20 ± 0.16 


0.85 ± 0.18 


0.54 ± 0.09 


0.15 ± 0.03 


60 


0.21 ± 0.09 


0.71 ± 0.15 


0.33 ± 0.06 


0.39 ± 0.03 


61 


0.37 ± 0.06 


1.92 ± 0.15 


0.95 ± 0.07 


0.49 ± 0.03 


62 


1.09 ± 0.12 


4.02 ± 0.42 


1.47 ± 0.10 


2.26 ± 0.06 


63 


3.76 ± 3.92 


11.72 ± 2.02 


2.92 ± 0.28 


1.22 ± 0.04 


64 


0.89 ± 0.11 


2.79 ± 0.25 


0.92 ± 0.06 


1.41 ± 0.04 


65 


4.75 ± 1.04 


6.75 ± 1.18 


2.09 ± 0.29 


1.53 ± 0.10 



Note. — Equivalent wridths arc from PAHFIT spectral decom- 
position results and the errors were done using monte carlo simu- 
lations and running through PAHFIT to get uncertainties. Values 
given as (...) do not have a measured flux from PAHFIT spectral 
decomposition. 
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APPENDIX 
ESTIMATING THE TOTAL IR LUMINOSITY 



At the rcdshifts of our sample, 0.02 < z < 0.6, the MIPS IR data probe the rest-frame mid-to- far- IR, whic h 
broadly correlate s with the total IR hmiinosi tv fe.g. iChary fc E lbaz 2001; 'Papo vich fc Belli l2002t iRieke et al.ll2009[) . 
We used models (jCharv fc E lbaz 2001; Dale fc Heloul 120021; iRickc ct al. 2009) for the IR SED of galaxies to convert 
the observed MIPS data to total IR luminosity. By selection, all galaxies in our sample have 24/xm detections, and 
we convert the observed 24/j,m flux densities to rest-frame luminosity densities at 24/j,m/(l -I- z). We then correct 
these values to a total IR luminosity, LiR(24^m), using each of the three sets of model IR SEDs, assuming for each 
set of models that a given rest-frame 24/im/(l -I- z) luminosity density translates uniquely to a single SED template. 
The|Rickc ct al. (2009 ) templates apply to local galaxies and do not include the SED evolution seen at high redshift. 
However. iRuiopakarn et al.l ()2013D show that the local SEDs and those appropriate for high redshift converge for the 
redshift range of our sample. 

For those galaxies with detections at 70/im and/or 160/xm in the MAGES data (as listed in table [5]), we use all 
available MIPS flux densities to estimate the total IR luminosity. For each source, we convert the observed MIPS data 
to rest-frame luminosity densities, and scaled each IR SED in each set of models with a multiplicative factor to obtain 
a best-fit for each SED. For each set of models, we minimized a x^ statistic with xi — '^i^-i — ex m")^/^^, where 
di is the rest-frame luminosity density measured from the i=24/im, 70/im, and 160/im data, mig^^\ is the luminosity 
density expected for model IR SED a, c is the fitted scale factor, and ai are the errors on the measured MIPS data. 
We chose the IR SED from each set of models that minimizes Xa- 

In figure fTSl we compare the LiR(24/im) against t he Ltr derived using multiple MIPS bands (24A(m, TO^tm an d/or 
leO/im) for each of the three sets of IR SED models (jCharv fc Elbazll2001l: iDale fc Heloull2002l: IRieke et al.ll2009D . We 
found that there is no more than a factor of 2-3 difference in the derived IR luminosity from multiple MIPS bands and 
that derived from 24/tm only between any of the IR SED models. This is particularly true for galaxies with total IR 
luminosities Lir > IO^^Lq (the majority of Ljr estimates in our sample). However, our far-IR (160/im sources) sample 
is incomplete in the direction that the less luminous galaxies (Ljr < lO^^L©) will be under-represe nted. As illu s trated 
in figure [18] and discussed below, the IR luminosities derived from the 24/im data only from the IRieke et al.l ()2009D 
SED templates are the most consistent with t he IR luminosities derived using multiple MIPS bands. In particular, for 
IRAGN the IR luminosities derived with the iRicke et al.l ()2009| ) SED templates with only 24/tm data are consistent 
with those from multiple MIPS bands. We find the median ratio estimates of the total I R luminosity (u s ing a ll 
bands availab l e) com pare d to the total IR luminosity (using only the 24//m band) for the iCharv fc Elb"aa ()2001|) . 
IDale fc Heloul (|2002D . and IRieke etldl (|2009[ ) models to be 0.97, 0.96, and 1.0, respectively. 

We considered the idea that the IR SED templates we used for the IRAGN may be incorrect, which could be the 
case for those IRAGN with only 24/im detections. Specifically, we computed the total IR luminosit ies from the 24 
micron flux densities for the IRAGN using the SEDs for optically luminous quasars (jShang et al.ll2011l ) . In these cases 
the total IR luminosities for the IRAGN would decrease by at most a factor of five (at most a factor of 3.5 for the 
IRAGN with only 24/im detections). Because there are only four IRAGN with only 24/im detections, and the effect is 
not large (»0.5 dex in Lir), this would not change any of our conclusions if all of these IRAGN have SEDs of optical 
luminous quasars. However, the MIPS-to-IRAC colors of the IRAGN in our sample (F24/im/F8.o/im = 4.2 median and 
ranging from 3.5 to 6.1 for the four IRAGN with only 24/im detections) are highly discrepant compared to those of the 
iShang et al.l ()2011l ) optically luminous SEDs (F24/im/F8.o/im = 1-4 median). Therefore, it seems highly unlikely that 
the IRAGN in our sample have SEDs like optical QSOfl. In this case, we take the lower IR luminosity of a factor of 
3.5 to be a lower bound for an extreme case for the IRAGN in our sample. 

We found that when only the 24/tm and 70/im flux densities are available the estimates of the total IR l umino sity are 
simila r to t hose derived us i ng 24 /im only for the lRieke et al. (2009i) SED models. And when using the Cliarv fc Elba3 
(|2001|) and iDale fc Heloul ()2002|) models the estimates for the total IR luminosity are smaller compared to the that 
derived with only the 24/tm flux density by a median of 0.97 and 0.95, respectively. When all three MIPS flux densities 
are available the estimate of the total I R luminosity is lar g er compared to that d erive d by 24/tm only (larg er by 
a median of 1.34, 1.61, and 1.44 for the IRieke et all (f2009l ) . IGharv fc Elb"a3 (f20?)l . and IDale fc Helm] (f200l SED 



models, respectively). One conclusion from this analysis is that objects in our sample detected at 160/im appear to 
have a large cold-dust mass which is not sufficiently probed by the 24/im and 70/im bandpasses. However, since the 
160/im detections are not complete and preferentially find galaxies with larger-than-typical flux densities, the larger 
luminosity estimates may have a contribution due to selection bias. 

For these reasons, we adopt the IR luminosities derived using the lRieke et al.l ()2009f ) SED templates for this work. 
For all galaxies in our sample, we use the IR luminosity derived from all available MIPS bands. 



^^ Indeed, we have an optical spectrum for one of the IRAGN i a i ^ i i i -tu jv 

.,, , r>^ 1 , J- 1 ■, , I ,■ ■ I- ,■ of a beytert galaxy, clearly not a broad-lme quasar, 

with only 24/ini detection and it only shows narrow lines indicative ^ o j, j 
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Dale & Helou 2002 SED models 



• ^ 



lApfJL 

24^/56/4/96/4 
O IRAGN 

[0 IV]-exce55 object 



10 11 12 

log LjR 24^ QQ 



12 



Qq 



Q) 



11 



10 



RIeke 2009 SED models 
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Figure 18. The IR luminosities derived from the 24/im data only Lipt(2 4;jm) compared to the Lir derived using multiple MIPS ba nds 
(24/tm, 70Atm and/or 160Atm) for each of the three sets of IR SED models l|Charv Ik Elbaz|[200!l : IDale fc He"Ioi3l200l : fRieke et al.ll2009l . as 
labeled in each panel). The dashed line represents a unity relation between the two Lip^ estimates. Sources with only 24/im flux densities 
are not plotted. 



